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Jl Larg9 and ehganf hrid^r forming m neay 6f>€f a br&ai 
•*^ and rmfid rhtf\ is jf^/ily eft g erne d one if the nMeft 
pieces ef viechanifm. thai hsan is capable cf performing, jind 
th& isfefuln^s Bfan art *iMchf at the fatne tisne that it con^ 
ne£fs difiastt Jhnres hy a way aver the deep and rapid ^waters^ 
mlfo aUo*ms thefe ijjaters and their navigation to pafs fm^oth 
and uninterrupted f . fenders all probable attempts to advance 
the theory or pra^ice tf it f highly deferving the encouragement 
0f the puMic^ 



This little ho»k is offered as an attempt t onwards the per- 
feition of the theory of this drt^ in whi^h tie properties, ds* 
menfions^ proportions , and other relations of the various parts 
of a bridge y are Jiriilly demonjirated^ and clearly illufiraied 
hy various examples i It h divided Into fvefeHions / the iji 
treats on the praje^s' of bridges, containing a regular detail 
(f the variaui circuntfla^es ^and cohjidetations that are cog-: 
fjt table in fucb proj^s \ Thef 2d treats 9tt arches p demon-: 
fttdiihg Ueii' various properties^ nxM Hbe relatioHj between 
their intrados ajtd e^ntf-ados, and 4:1 early dijiingmjhes the mojl 
prefe fable ctttx>es to be ufed in -tf. bridge ; the firji tipo or 
three propojitims being ifjtftituted • after the manner of two or 
three done by Mr. Emerfon in his Fluxions and Mechanics : 
The ^d fi^ion treats on the piers ^ demot^ft rating their thick* 
n^fs neceffary for fuppor ting any kind if an arch, fpringing at 
a?iy height^ and that both when part of the pier is fuppofed 
t^heimnterfed in water, and when oiherwife.z The i^th de- 
iH^nfirates the farce of the watef againft the end or face of 
^ he pier, conjidered as of different forms y with the beji form ' 
for dividing the fireavi, ijc, and to it is added a table 
jhewing the feveral heights oftbefali of the hjater under the 
arches, arijing from it} kfelocify and th& obJiruBioh of the 
piers J as it was compofed by Tho. Wright^ Eft[.\ tf Jncklatid, 
in the cdunty of Durham, who informs the it it part of a ^ori 
in 'tvhich he hds J^ent nuich t>ifnei ^^d with ^lohich kerintHtds t{> 
favour the public : And the^ ^fh and lafi feition contains a 
Mionaty of the pfofi material terms ^ peculiar, id ikefubjeSt^ 
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iv PREFACE. 

iu which many praHical ohfervations mnd dtreilions are given ^ 
which coiiid nbt b^ fi iregularly nor properly introduced intw 
i he former ft^iioHJi Thi^nvh^e, ii is prefumed^ containing 
full direilions fir tonftituting and adapting to one another i 
the fevetal effential parts of a bridge^ fo as to make it t6e 
ftrongefti and the inoft convenient ^ both for the pafage over 
and under iti that the Jituation and other circumftmnces nvi/l 
poffibly admit : not indeed for the aflual methods of dif^ofing 
, theJloneSt niakiHgofmoirtar^ or the external ornaments, ^e. 

thofe things I do not defcend to, hut leave to the difcretion of 
the practical architeil^ as being no part of the plan of my un- 
dertaking ; and for the f ami reufon alfi I have given no vienvs 
of bridge s^ hut orily pHrits of fuch parts otfgurei as are ne^ 
cejfary iti explaining the elementary parts ofthefuhjeQ. 

I >^/ my profejpon is not that of an archite^i very probably I 

Jhould never have turned my thoughts to this fuhje^^ fo as to 

addrefs the public upon iti had it not been from the occajion of 

an accident in that part of the country in which I refide, viz. 

' . the fall df Newcaflle and other bridges on the river Tyne ok 

t the I'jth of november 177 1 » occafioned by a high flood which 

/, rofe about 9 fhet higher at Newcaflle than the ufual fpring 

tides do."— 'And this occajion having furnijhed me with many 

fc opportunities of hearing and feeihg very ahfurd thing t advanced 

^ on the fubjeO in general t 1 thought the demonftrations of the 

r relations of the iffential parts of a bridge ^ would not he unac*- 

ceptable to thofe architeds and others who may be capable of 
perceiving the force of them^ and whofe ignorance may not 
have prejudiced them againft things which they do not un^ 
derjland. 

In the J^h fedion there is one thing forgotten to he re^ 

r marked^ vis;,. That in determining the beji form of the end of 

the pier to be a right 'lined triangle ^ the water was fuppofed 

to ftrike every part of it with the fame velocity : had the vari^ 

, ably increafed velocity been ufed^ the form of the ends would 

come out a little curved ; but as the increafe of the velocity in 

i> the bejl bridges is very f mall ^ the difference in them is ^uite 

imperceptahU* 
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STONE BRIDGES. 



SECTION I. 

Of the ProjeSis of Bridges^ nvitb the Dcftgn^ 
EJlifhate^ ^c. 

WHEN a bridge is deemed neceflary to be 
built over a river, the firft confideration 
is the place of it ; or what particular fituatioa 
will contain a maximum of the advantages over 
the difadvantages. 

In agitating this mdft impc^rtant queftion, e- 
very circumftance, certain and probable, attend- 
ing or likely to attend the bridge, fliould be 
feparately, minutely, and impartially ftated and 
examined; and the advantage or difadvantage 
of it rated at a value pibportioned to it : then 
the diiference between the whole advantages and 

B dif- 
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2 The Principles of Bridges. 

difadvantages, will be the neat value of that 
particular iituation for which the calculation is 
made. And by doing the fiime for any other 
fituations, all their neat values will be found , 
and of confequence the moft preferable fituation 
among them.— —Or, in a competition between 
two places, if each one's advantage over the 
other be efUmated or valued in every circum- 
fiance attending them, the fums of their advan- 
taged will fliew whether of them is the better* 
And the fame being done for this and a third, 
and fo on, the beft iituation of all will be ob* 
tained. 

In this eftimation, a great number of particu- 
lars muft be included ; and nothing omitted that 
can be found to make a part of the conlideration. 



I . Among thefe, the fituation of the town or 

^' place for the convenience of which the bridge 

*^ is chiefly to be made, will naturally produce a 

particular of the firft confequence ; and a great 

many others ought to be facrificed to it. If 

poffible, the bridge fliould be placed where there 

can conveniendy be opened and made paflages 

or ftreets from the ends of it in every diredion, 

and efpecially one as nearly in the direction of 

1 the bridge itfelf as poffible, tending towards the 

body of the town, without narrows or crooked 

windings, and eafily communicating with the 

chief ftreets, thoroughfares, &c» ^And here 

every 




Seft. I. The Projeds of Bridges, &c. 3 

every perfon, in judging of this, fliould diveft 
himfelf of all partial regards or attachments what- 
ever ; think and determine for the good of the 
whole only, and for pofteiity as w^ll as the pre- 
fcnt. ♦ ' , ' • 

The banks or declivities towards the river 
are alfo of particular concern^ as they affect the 
conve&iency of the paffage to and from the 
bridge, or determine the height of it, upon 
which in a great meafure depends the expence. 

The breadth of the river, the navigation upon 
it, and the quantity of water to be paJTed, or 
the velocity and depth of the iiream, fonn alfo 
confiderations of great moment j as they deter^ 
mine the bridge to be higher or lower, longer 
or fliorter. However, in moft cafes, a wide part 
of the river ought rather to be chofen than a 
narrow one, efpeciaUy if it is fubjeft to great 
tides or floods j for, the increafed velocity of 
the fiream in the narrow part, being again aug- 
mented by the farther contraftion of the breadth, 
by the piers of the bridge, wiU both incommode 
the navigation through the arches, and under- 
mine the piers and endanger the whole bridge. 

The nature of the bed of tlie river is alfo of 
great concern, it having a great influence on the 
sixpence j as upon it, and the depth and velocity 
B 2 . # 
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4 The PRINCIPLES ^Bridges. 

of the flream, dq)end the manner of laying the 
foundations, and building the piers. 

Thefe are the chief and capital articles of con- 
fideration, and which will branch themfelves out 
into other dependent ones, and £1:^ lead to the 
required eftimate of the whole. 

Having relblved on the place, the next con* 
fiderations are the form, the efBmate of the ex** 
pence, and the manner of execution. 

With refpeft to the form j ffarength, utility, 
and beauty ought to be regarded and imited^ 
the chief part of which lies in the arches. The 
form of the arches will depend on their height 
and fpan ; and the height on that of the water, 
the navigation, and the adjacent banks. They 
ought to be made fo high, as that they may 
|; eafily tranfmit the water at its greateft height 

either from tides or floods ; and their height and 
figure ought alfo to be fuch as will eafily allow of 
a convenient paflage of the craft through them. 
This and the difpofition of it above, fo as to ren- 
der the paiTage over it alfo convenient, make 

up its utility. Having fixed the heights of 

the archgs, their fpans are ftill neceflary for de- 
termining their figure. Their fpans will be 
known by dividing the whole breadth of the 
river into a convenient number of arches and 
pi^rs, allowing jit Ipaft the neceflary t|iicknefs of 

the 
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Scft. I. fie Projeffs of Brid^ef, &c. 5 

the piers out of the whole. In fixing on the 
number of arches, take always an odd number, 
and rather take few and large ones than many 
and imaller, if convenient : For thus you will 
have not only fewer foundations and piers to 
make, with fewer arches and centers, which will 
produce great livings in the expence, but the 
arches themfelves will alfo require much lefs ma- 
terials and workmanftiip^ and allow of more and 
better paflage for the water and craft through 
them } and will appear at the fame time more 
Boble and beautiful^ efpecially if conftnifted in 
elliptical, or in cycloidaj forms i fpr the truth of 
'which it may be fufficient to refer to that noble 
^nd elegant bridge lately built at Blackfiiars^ 
Ix>ndon, by Mr< Mylne, And here I can*t help 
renurking that the Gentleman who, a few yeai*s 
jSnce in a pamphlet on the Principles of Bridges, 
fcenfured Mr. Mylne and Mr. Muller concerning 
diliptic arches, has very much expofed himfelf, 
and abfurdly criticifes them through his own 
wabt of mathematical knowledge, which he fome- 
where in the fame pamphlet aifefts to defpife. 
He brings to my mind an expreffion of (I think) 
My. Henry Fielding fome^vhe^e in his works. 
That a perfon does not fpeak the worfe on a 
fubjeft for knowing fomething about it. I do 
not however make this remark through any par- 
ticular difrefped for this Gentleman, concerning 
whom I know nothing, farther^ any more than I 
do jibout the other two Gentlemen, but only to 

prevent* 
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■ 6 The Principle^ of Bridges, 

r prevent others from being prgudiced and mifled 

, by the authority of his iffe dixit. — ^If the top of the 

bridge be a fircight hQri2;pntal line, let the arches 
^ be made all of a iiz^ ; if it be a little lower at 

p the ends than thje middljp, the arches muft pro- 

portionally decre^fe from the middle towards the 
ends ; but if higher a|: thie epds than the middle^ 
let them incx^afe towards the ends. A choice 
pf the qaoft convenient arches is to be made 
from the 4th apd 5th propofitions, where their 
feveral properties, &c. are (d^ihonftrated and 
pointed out : Among them, the elliptic, cycloi-r 
I dal, and equilibrial arch in prop. 5, will gene-f 

I rally claim the preference, both on account of 

[ their ffarength, beauty, and cheapnefs or faving^ 

in materials and labour: Other particulars alio 
concerning them may be feen under the word 
Arch in the DiAionary in the laft fe<^n. And 
as the choice of the arch is of fo greac moment, 
let no perfon, either through ignorance or indo- 
lence, prefer a worfe arch bocaufe it may feem 
to him eaficr to conftruft; for he would very 
ill deferve the name or employment of an Archir 
;. teft, who is incapable of rendering the exaft 

conftruftion of thefe curves eafy and funiliar.to 
C himfelf ; but if, by chance, a Bridge-builder 

ihould be employed who is incapable of doing 
that, he ought at leaft to be endowed with fuch 
a fhare of honefly as to procure fome perfon to 
go through the calculations which he cannot^ 
make for himfelf. 

Next 
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Seft. L The Froje6ls of Bridges^ &c. 1 

Next find what thicknefs at the keyftone or 
top will be neceffary for the arches. For which 
fee the word KeystonS in the Didionary in the 
laft fedion. 

Having thus obtained all the parts of the 
arches, with the height of the piers, the necef- 
fary thicknefs of the piers themfelves are next to 
be computed by prop. io« 

Tfiis done, the chief and material requifites 
are found ; the elevation and plans of the defiga 
can then be drawn, and the calculations of the 
cxpence from thence made, including the foyn- 
dations, with fuch ornamental or accidental ap- 
pendages as fhall be thought fit; which I Ihall 
leave to the^dncretiori of the Pradical Architeft, 
as being no part of the plan of my undertaking, 
together with the praftical methods of carrying 
the dcfign into execution. I fhall however, in 
the DiAionary in the laft feftion, not only de- 
fcribe the terms, parts, machines, &c. but alfo 
fpeak of their dimenfions, properties, and any 
thing elfe material belonging to tliem; and to 
which therefore I from hence refer for more ex- 
plicit information in each particular article, as 
'well as to thefe immediately following propofi- 
ticms, in which the theory of the arches, piers, 
&c. are fully and ftrifUy demonftrated, 

'sec- 




SECTION IL 

Of the Arches. 

Proposition h 

T ET there he any number of lines AB^ BC, 
•^-^ CD, DE, ^c. all in the fame vertical 
plane^ conneSled together and moveable about 
the joints or angles A, B, C, D, E, F ; thejnvo 
extreme points A and F being fixed : It is re-- 
quired to -find the proportions of the vu eights 
to be laid upon the angles B, C, D, <^c, Jo that 
the whole may remain in equilibrium. 



i 




Solution^ 

FuoM the feveral angles having drawn the 
lines Bb, Cc, Dd, &c. perpendicular to the 
horizon; about them, as diagonals, eonftitute 

ps^al** 




Seft. n. Of the Arches. 9 

parallelograms fuch, that thofe fides of each two 
that are upon the fame one of the given lines, 
may be equal to each other; viz, having made 
one parallelogram m o, take C p — B n, and form 
the parallelogram pq; then take Dr — Cq, and 
make the parallelogram rs ; and take £t = Ds, 
and form the parallelogram t v ; and fo on : 
Then the faid vertical diagonals Bb, Cc, Dd, 
E e, &c. of thofe parallelograms, will be propor- 
tional to the weightj, as required. 



Demonjiration. 

By the refolution of forces, each of the weights 

or forces Bb, Cc, Dd, &c, in the diagonals of 

the parallelograms, is equal to, and may be re- 

folved into two forces expreffed by two adjacent 

fides of the parallelogram; viz. the force Bb 

will be refolved into the two forces Bm, Bn, 

and in thofe direftions; the force Cc into the 

two forces Cp, Cq, and in thofe direftions ; the 

force Dd into the two forces Dr, Ds, and in 

thofe direftions ; and fo on : Then, fince two 

forces that are equal, and in oppofite directions, 

do mutually balance each other ; therefore the 

feveral pairs of forces Bn and Cp, Cq and Dr, 

Ds and Et, &c. being equal and oppofite, by 

the conftruftion, do mutually deflxoy or balance 

each other; and the extreme forces Bm, Ev, 

are balanced by the oppofite refiftances of the 

fixed points A, F, 'Wherefore there is ao force 

C to 
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lo The Principles of BRiDofes. 

to change the pofition of any one of the lines, 
I and confequently they will all remain in equili- 

i brium. ^E.D. 



V 




Corollary. 

Hence, if one of the weights and the portions 
of all the lines be given, all the other weights 
may be found. 



Proposition IL 

IF any number of lines ^ that are conneSied to- 
gether and moveable about the points of con- 
ne^ion^ be kept in equilibrium by nveights laid 
upon the angles^ as in the lajl propojition : Then 
ivill the iveight on any angle C be univerfally 

fine of the ^^c. BCD , • ,- r,, 

as -^ — z^ p;p= J that tsy direclly as 

, J. ^^ BCc X J, -i::! cCD ' -^ 

the fine of that angle^ and reciprocally as the 
fines of the tnvo parts or angles into ivhich that 
angle is divided by a line draivn through it 
perpendicular to the horizon. 

Demonflration* 

By the laft propofition the weights are as Bb, 
Gc, Dd, &c- when Bn = pC, Cq = rD, Ds = 
tE, &c. But, fince the angle ABb is = the angle 

Bbn, 



Seft.n. Of the Arches. II 

Bbn, and the angle BCc = the angle Ccq, &c. 
as beinK always the alternate angles made by a 
line cutting two other parallel lines ; alfo the fine 
of the ^ ABC = s. -c Bnb, and s. ^ BCD 
= s ^ Cqc, as being fupplements one to ano- 
ther; by plane trigonometry we ftiaU have 

rit.v« - ATIK ._ .CcxS.-ilcCD 

(Bn=)^'"'' 



s.^ABC 

^B( 
BCD 



ABb^^Cp=)^"''- 



(Cq=) — g— r^TirTk *< ^ 



(Ds=) 



Ddxs. 



Hence 

Bb : Cc : : 

Cc : Dd : 

Dd : Ee : 



CDE ^ ^ 

&c. - 

%^^ ABC . s^ 

s. 

s. 



s.-i-BCU » 

Pdxs.^dDE 
s.-i^CDK ' 
Ee xs..<:i-eEP 



s. 



.DEF 



Abb 
BCD 






s. 



BCc 
.CDE 



s. 

5> 



BCD . 

.cUD ' 
■ CDE 
.dDE' 
.DEF, 



&c. 



eEF 



Or by dividing the latter termsof the firit of 
thSe'prlportions each by s. ^ bBC. and U.en 
tompoundLg together two of the proportions, 
ZCee o'f thL, &c. ftrildng out the com- 
la faaors, and obfemng that ^-'-bBC 
is =5.-=^ BCc, the s.-:::.cCD = s.^tUd, 
&c. wefliallhave 



C2 



Bb 
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yk.r^.. S.ZABC . 8 . ZBCD 

" sTZaBETsTZBBC • s. z BCc X s. z.cCD» 
BbDd • S' ^ABC . 8. Z.CDE 

• *'s.zABbxs.zbBG's.zCl>dxs.ZdM' 
BbEc- S.ZABC . s. zDEF 

• ••s.zABbxs.zbBC's.zDEexs.ZeEF' 

&c. 

Othenvife, 



I 



Since Cp or Bn : Bm or nb : : s. -£::Bbn | 
or s. .^ ABb : s. .<si bBC or s. -:i. BCc : : 

t , r 

s.^BCc • s. ^ ABb' 

and Cp or qc : Cq <» Dr '.: s.^l. cCq or 
s. -sc C D d : s. -ii C c q or s. -ii B C c : : 

i^ , I 

s.-:^BCc • s.^CDd* 

it is clear that Cp is as nn~* *^*' ^* 

the forces mB, pC, rD, &c. are reciprocally as 
the fines of the angles which they make with 
the vertical line. 

And finxre Cc is,= Cp ^ ^' ^ Cpc ^ 

^ S. -::C Ccp 

Cpx S. -^ BCD r^ r r ^ . 

- — j^ ^^ ^jj ; therefore any force Cc is 

s. -^ BCD ^ ^ r. 

«i:^CB-x-sT-^CD- ^^'^' 

Corol- 
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Corollary. 

If D C be prcxluced to h ; the fine of the 
.^LhC^ being =: to the fine of its fupplement 
BCD, the weight or force Cc will be as 

-t^^ ■■ ppfs: J which three angles tocc- 

s. ,^:i BCc x^:^cCD* a a 

ther make up two right angles. 



PROPO- 
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The Fmhciples of Budges. 
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Proposition III. 

TO find the proportion of the height of th 
njoall above every point of an arch of equilihra 
tion: That isj if GHIK be the top of a nva 
fupported by an arch ABCD ; it is required i 
find the proportion of the perpendiculars B F- 
CI, ^c. fo that all the parts of the arch vta^ 
he kept in equilibrium from fallings bytheiveighi 
or preffure of the fuperincumbent wall. 




Solution. 

The lines of equilibration in the former pro- 
pofitions being imagined to become indefinitely 
finall, they will conftitutc a curve of equilibra- 
tion, and the weights will prefs upon every point 
of ity and will be refpectively equal to the per- 
pendiculars 
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pendiculars BH, CI, &c. drawn into their re- 
fpeftive breadths, fuppofing them to be indefi- 
nitely narrow parallelogniras : Alfo the angle 
hCB will become the angle of contaft formed 
by the tangent and curve, whofe fine is equal 
to die angle itfelf or its meafure, and the an- 
gles c C B and c C D become equal to the 
angles cCh, cCk, or equal to the angles ICk, 
ICh, whofe fines are equal, becaufe the angles 
are fupplements to each other. Thefe values 
being fubftituted in the exprcflSon in the co- 
rollary to the laft propofition, we fliall have the 

r i-. 11 1 /-.• the angrle hCB 

torce Cc or parallelogram Ci as — 

the-<.kCD 



or as 



Now fupppofing thefe narrowt parallelograms 
to fl;and upon indefinitely fmall equal parts of 
the arch, their breadths will be direftly as the 
s. -ii. kCI and inverfly as radius ; hence the pa- 

raUdogram IC x s. ^ kCI is as ^^^"^^^^ 

and confequently the altitude IC as ~ 

s.^ kCi<' 

or as the ^ kCD x fecant ^ kCPl' ; CP 
being perpendicular to CI, and the radius all 
along equal to unity. 

But the angle of contact kCD is as the cur- 
vature of the arch, and that again is inverfly 

as 




V 
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as the radius of curvature ; wherefore I C is 

, putting 



as 



or as 



IST 



R for the radius of curvature to the point C ; 
that is, the height of the wall above any point, 
is reciprocally as the radius of curvature and 
cube of the fine of the angle in which the ver- 
tical line cuts the curve in that point, or reci- 
procally as the radius of curvature and direAly 
as the cube of the fecant of the curvets inclina- 
tion to the horizon. 



Corollary I. 

Hence, if the form of the arch, or nature of 
the curve A BCD be given, the form of the 
line GHIK bounding the top of the wall or 
forming the extrados, may be found fo, that 
A BCD fhall be an arch of equilibration, or be 
in equilibrium in all its parts by the preffure of 
the wall. 

For, fince the arch is given, the radius of cur- 
vature and pofition of the tangent at every point 
of it will be given, and confequently the pro- 
portions of the verticals BH, CI, &c. And by ■ 
affuming one of them, or making it equal to an 
affigned length, the reft will be found from it; 
and then the line GHI &c. may be drawn 
through the extremities . of them aU. 



Corol-' 
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Corollary 2. 

And if the line GHIK, forming the top of 
the wall be given, the curve of equilibration 
A BCD may be found. And the manner of 
finding them both, the one from the other, we 
ihall teach in the two following propofitions. 

Corollary 3. 

If the arch ABCD be a circle; the radius 
of curvature will be conftant, and the aiigle 
kCP always meafured by the arc DC, fup* 
pofing D the vertex of the curve ; ^and then 
CI will be every-whcrt as the cube of the fc- 
cant of the arc DC. 



D Pko- 



ilni ' lOiir^i ' I V 



1 
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Proposition IV. 

HAVINCf given the Intrados^ to find th^ 
Extrados. That isj given the nature or form of 
an arcbf to find the nature of the line forming 
the top of the fuperincumbent nvall, by vuho/e 
prejfure the arch is kept in equilibrium. 

Solution. 

Let D be the vertex of the given eiirre 
ABCD, and K that of the required line GHIK* 
Put a = DK, x^ AY the abfdffa, ;f =s PC the 
ordinate^ 2r = D C the arch, and R 3 the radius 
of curvature at the point C. 

Now, by the laft prop. CI is as — "- — ^ . 

But, by fimilar triangles, zsy : z : : i (radius) 

: r = fee. -t^ kCP; therefore Cl is as — r-. 

y ^ ^ Ry^ 

Again, in every curve whofe ordinate is refered to 

an axis, the radius of curvature i? is = ^. r-r. ; 

/ yx-^xy 



k -wherefore CH will be as —^. — ^, or CI = 



yx — xy 



, X 2,5 where Q^is z, conftant quantity 

' ' ' ■ whofe 



X 



\ 
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whofe value will be determined by taking the 
expreiSon for the given perpendicular DK at 
the vertex of the curve* 



Corollary. 

Hence then, as either 9e ov y may be ftip» 
po^d to flow uniformly^ and cooiequently either 
of their fecond fluxions equal to nothing, by 
{hiking eithjer of the terms out of the nunxe- 
ratpr of the above value of CI, and then ex- 
terminating either of the unknown quantities 
by the equation of the curve, the value of CI 
\dll be obtained ; as i^ done in . thA /pUoviing 
(examples. 



'^ 



Da Ex- 
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Example i, 
Tb ^nd the extrados of a circular arcb. 



It — ,, ■■= 

re :;^ 

4 

A Q 

Let Q^be the center and D the vertex of 
the given circular arch, K the vertex of the 
extrados, and the other linesi as in the figare. 

Put a = DK, r = Aq^= QD = the radius, 
w = DP, and;' = PC = RI, 

Then y = \/2rx — ^.v, y = - ^ X x, 

^ s/^rx — xx 

^nd ^ = — , by making a' = o. Hence 

irx — xx^^ 

CI 
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rr-xx ^n - J12l. > But, at the-vertcx 



f ^ y^ 

r — *i X *' r — x\ 

X is = o, and then C I is 1= BR :p « =t £:^ 

sa '-^—\^, Confeguently the value of 2, is 

• - > ' '^9:' 

s: ar. And tlie gemral ralue of CI or ■ — "^.^ 

r — #' 



}Stf X 



7]' DKxDQ? 

_ — sr ■ u^i^ • ■ > ■«.• 



r — * 



F^ 



By making 7 conftant. 
The notation remaining as before : we have 



^ r - s/r^^-f^ ^ = 



; = 'yy 



r, and ^ =s 



^/*»yVr ,, Hence CI of y^~p x j^ becomes 
rr-^yy^ y ^ 

f. X 2, = ^*^ - ^ « This when jf' = 0, gives 

f rr^yf" .. : -vf 

4 =c ^, aijd j2:, :? ^r as before. And coiifc- 
. quently 
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^uendy CI pr z-^!?^ »?=«>? /.^ J 
DK X DO* , f '_ 

Hence the eguatdon tq ^? ?™T? ^I is » = 
(KR = tf* + ;^ — IC =) tf t:y ~ 



tfr' 






or =; 



tf + r — v^r» — ^» — 



tff 



rr 



^^' 



,*^ 



A 



C^ollary j. 

Hence KIG is a curve running up an infi^ 
nite height towards G, the perpendicular AG 
being an afymptote to it : And the curve is 
accurately as reprefented in the figure, when 
the thicknei^ DK at the top is ]^«-i5th of the 
fjpan. 

Corollary 2. 

But the curve KIG is quite inconvenient. 

for the fwm of the ex- ^ ^ ^ 

trados of any bridge; 
however a ftreight ho- 
nzoiTtal fine IK imght 
be ufed inftead of it, if 
tlfpt n^terials of wlucl| 
the arch is built, could 
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be fo chofen, as that they lAight increafe 
in their fpecific gravity from DK towards CI, 
continually as the cube of the fecant of the. 
arch from i>. And this again perhaps would 
be quite imprafticable : But if a circular arch 
and a right line at the top were necejfarily 
required, the proportion of DK to the ra(£u$ 
DC^may be found fo as the arch may be 
nearly in equilibrium thus : 

When KI is a right line, then KR in the 
figure to the example, mufi be nothing ; or ra-< 
thcr when the curve croffes the horizontal line, 
then KR is equal to nothing; put its value 
then, as found above, equal to o, and we Ihall 



ar' 



have ■'■ ■ ; — tf — r + \/r* ^y^ = o, and 
rr ^yy^^ 

from this equation, by affuming one of the 
quantities, a, y^ the correfponding value of the 
other may be found for the point where the 
curve croffes the horizontal line ; fo from hence 

the general value of ^ is ( — — "^ — ^ 



r'-.^7rrj7V 



•^1 




r» + rs/r\ - y* + r^ ^ yt 

- , > >■ r = — r r . Now this va- 

lue of a or DK evidently becomes = o when 
the arch confifts of the whole femi-circle ; but 

when 



V 
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when the arch is lefs than the femicircle, a will 
have a finite value, and between 60 and 120 de-^ 
grees many arches of equilibration of a certain 
thicknefs at top may be found. Thus^ if the 
half arch DC contain 30 degrees \ then its fine 
^ or PC is = ^rj which being fubftituted for 
it in the above general value of a^ we have 

a = - — ^ *^ • X \r^ or = \r extremely near; 

that is, DK is = :^ of DQ^or ^ of 2PC the 
fpan when the curve cuts the horizontal line 
diredly above the point in the circle which an- 
fwers to 30 degrees^ And if D C were an arch 

of 45 degrees ; then y = r ^ j, and a = ^ 

X r = , or \ of the fpan nearly* Alio, if 

D C were 60 degrees ; then y = ri/-J, and a =j 

V,th of r =s - — , or jV of the fpan nearly.- 

So that in each of thefe cafes the points C and 
D would be in equilibrium ; but then about the 
middle parts between D and C, or rather nearer 
to D than to C, the materials fliould be a little 
lighter than at D and C, and the exaft propor- 
tion in which their gravity fhould be diminifhed, 
might eafily be found by calculation ; fo in the 
firft cafe, in particular, the fpecific gravity of 
the materials in the middle of the arch between 
D and C, that is at 15 degrees from D, fliould 
be to that at D or C, as 278 to 284, w^hich is 

but 
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but a very inconfiderable decreafe, and may be 

Very well neglefted. In the firft two cafes, 

the thicknefs at the top would be too much \ 
bu^ in the latter one, when the whole arch is 
X20 degrees, the thicknefs is juft about that 
which the beft architeds now allow ; and in 
greater arches the thicknefs would become too 
little. So that an arch of nearly about 120 de- 
grees, is the only part of a circle that can be 
ufed with any degree of propriety. 




Examples* 

^0 determine the ex tr ados of an elltf thai arch of 
equilibration* 




Suppose the curve in the above figure to be 
a femi-ellipfe, with either the longer or fhorter 

E axe 
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2xe horizontal ; and let h denote the horizontal 
femi-axe AQ^ and r the vertical one DQ^ and 
all the other letters as in the laft example. 

Then, by the nature of the ellipfe, r : h : : 
s/irx -^ XX : ^ = — v/2r;r — xx ; hence y = 

— X and y = ■ ■., ^1 

^ VirX'-xx irx'-xxy^ 

making ^ conftant. Then CI = . -^ x -^is 

— — ^ ^' 

;5- . ) -X ■ X "" ■ ■ "^ ^ — ~" 



But when ;^ is = o, this expreffibn becomes a 

= ^^, and then -^s ~r" J conifequently CI is 

~7~]' DR xDQ^ . . 
:=: a X — — I = — p Q, ^ , the lame as m 

the circle. And the fame expreffion may be 

brought out by making y conftant. 

Hence the nature of the curve K I is thus ex- 

s 



preffed, KR = a + x -- a x — £ — si a + r 



r \/h h --yy — ^ ■ and is of the fame 



h h -^ yy)^ 

kind, with that in the laft example. But the 

elliptic arch may take a flxeight line at top better 
than the circular one, when the longer axei^ 

hori- 
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borizontal, bccaufe the arch is flatter, or of a 
Icfs curvature ; and worfe than the circiilar arch, 
when the ihorter axe is horizontal. 



Example 3* 

To determine the fgure of the extrados of a fara^ 
^e//f 4^^^ ^f e^uilih^itm. 




Put a = KD, r =; BC^ h = <^, ;r = DP, 
and> = PC = RI, 

Then, by th^ nature of the curve, hh i yy^ 

M r X 99 ^ ^} %vA h^ncc k = •-;;^i and j» 

s in^ by making y conftaAt, Then CI = 4^ 

X <l^ is = ^r^= a conftant quantity = «; that 
15, CI is cvcry-wherc equal to KD* 



£ % 



Confer 
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Confequendy KR is = DP ; and fincc RI is 
= PC, it is evident that KI is the fame para-^ 
bolic curve with DC, and may be placed any 
height above it. 

Example 4. 

To find the figure of the extrados fir an byper^ 
bolic arch of equilibration. 



Put tf = KD, r 2= the femiTtranfverfe, and 
i& = the femi-conjugate axe, ;i; = DP, and y =5 
PC = HI. 

Then, by the nature of the hyperbcja, y =a 

b J ' hx r '\r X 

'Tvzrx '\r xx\ hence y = r— x --======, 

' *" r virx + XX* 

and y = -"" ■-% by making x conftant, 

Trir+xx\^ 
• •• 

Wherefore CI orZ^ x ^=^ — ^ ■'' But 

when 



■^el" 
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^en ;^ = o» this expreffion becomes -rc^^l 
hence ^ =s , and confequcndy CI <jr 



IS = 



Whence the equatiojn to the curve KI rcr 
quired will be KR = (a + ;r r- CI =) u + Jif 

ar^ r / , , . ■■■' ah* 

Scholiufttf 

In this hyperbolic arch then, it is evident- 
that the extrados KI continually approaches^' 
nesurer to the intrados j whereas in die circular 
and elliptic arches, it goes off continually far* 
ther from it ; and in the parabola, the two 
curves keep always at the fame difiance;. ob- 
ferving however that by the diftance between 
die two curves, in each of thefe cafes, is mean( 
^qr diilance in the yertipl direAtoi|« 



'1 



Ex. 



Example 5% 

To ^nJ Mf ixtrados for a catenarian arch of 
equilibration* 




Let tf = KD, ^ = DP, and jr = PC = RI, 
as before ; alfo let c denote thp cox^wt tenfion 
irf the curve at the vertex. 

Then, by the nature of t he catenary , jr is = 
€ X hyp. log* of ^ 9 ncnc^j 



takmg the fluxions, we l^ave y = 



€X 



»nd y =s — ^^* X 



e + x 



2CX -h XX 



^* 



, by making jf 



— ^1 



cc 



A 



conftant. Wherefore CI or —rf- X ^ 

x i^ But at the vertex « is = o> and CI = 

4 a ^j confequently i^is ss «f. This being 



^^0^ 




s 
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written for it, there rcfults CI = X 4 ^^t 

ax 
a '¥■ — . 

c 

Hence, for the nature of the curve KI, wc 

have KR 5= (a + ,jv — CI =);^ — — -iHi^ x jc^ 

^ c c 



Corollary. 

And hence the abfcifla D P is to the abfcifla 
KR, always in the conftant proportion of c to 
c-^ a. So that, when a is leis than ^, R and 
the curve KI lies below the horizontal Kne; but 
when a is ^eater than ^, they lie above it ; and 
MvYitVL a is equal to r, KR is always equal to 
nothing, and KI or the extrados coincides with 
the horizontal linCi 

As a diminifhes, the line KI approaches nearer 
to D C in all its parts, till when a entirely ya- 
niihes, or is £0 fittle in refpeft of c as to be 

omitted in the expeflioi^ - "^ ■ x 4r = KR, the 

two curves quite coincide throughout. 

Scholium, 

As we have found above that the extrados^ 
will be a fireight horizontal liioe when a is equal 

to 
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to Cy I ihall here make a calculation to deter^ 
mine, in that cafe, the value of Cj and confe** 
quently of a with refpeft to x and y^ or a given 
fpan and height of an arch# 

tfoMr the tquation to Ch6 curve expreffcd in 
terms of c^ ;r, and y^ is y =: c x hyp. log, <xf 

— 1 ^ J and when x and y are 

given, the value of c may be found from thi^ 
equation, by the method of trial and errot. But 
as the procefs would be at belt but a: tedious 
one, and perhaps the method not eafy In this 
cafe to be praftifed by every perfon, I fliall 
here inveftigate a feries for finding the value 
of c from thofe of x ind jf in a dired manner* 

Since then y is n c x hyp. log. of 
-^ , by taking the fluxion of 

this equation^ We have y ss 



ex 



s/icx + XX 



^dx 
^^ ^- > by writing d for 2c\ and by eX- 
w dx + XX 

panding this expreflion into a feries, it becomes 
y^\xs/^X 

■ 2d^ 2.^d^ ^ 2.^.6d' * 2.4.6.8^ ^^' 

andt 



"^ 
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and, by taking the fluents ^v€ haire' / ^ t/dx x 

, 2.3 </ 2.4.5 rf* 2.4.6.7 J' ^ 2.4 6.8.9^* • 
and hence, by dividing by *•, we have ^= v - x 

. X X 

2.3*^^ 2.4.5 «^» 2.4.6.7<i'^2.4.6.8.5></» • 
or, by writing v for ^r and.^ for v -, it is v s 

^ — ^ + -i^ .-^i;!:!^ + -i#:7., &c. 
2,3u; a*4-5tt;' 2.4.6. 7^' 2.4.6,8.9'm;^ 

TJtifen, by reverting this feries, we have w = 

.; + ;i^--^+-^^-^^m^&c. And 
ov 3601;' 50401;' 56001;^ 

hence, by fquaring, &c. and reftoring the ori- 
ginal letters, it iS (^i = \xw^ :=z) c — ^x X 

. 2: + I ^ §ill +J2UC - ^liiHl &c, 
* '^* 3 45>' 3780;^* 453600;^^ 
where a few of the firft terms are fufEcient to 
deterimne the value of c pretty neajiy. 

Now, for an example in numbers, fuppofe 
the height of the arch to be 40 feet, and its 
fpan 100, which are nearly the dimenfions of 
the middle arch of Blackfriar's Bridge at Lon- 
don. Then x = 40, and ^ = 50 j which being 
fubfUtuted for them in this feries, it gives c =2 
36*88 feet nearly* So that tp have made that^ 
arch a catenarian one, with a ftreight line above, 
the top of the arch muft have been almoft of the 
F immenfe 
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immenfe thicknefs of 37 feet, to have kept it in 
equilibrium. 

But if the height and fpan be 40 and 100 feet, 
as above, and the thicknefs of the arch at top be 
aflumed equal to 6 feet, then the extrados will 
not be a right line, but as it is drawn in the 
figure to this example, which figure is accurately 
conftruftcd according to tliefe dimenfiotts. 

It may be farthei* remarked, that the curves in 
thefe laft three examples, viz« the parabola, hy-* 
perbola, and catenary, are all very improper for 
the arches of a bridge confifUng of feveral arches ; 
becaufe it is evident from their figures, which 
are all accurately conftrudled, that all the build- 
ing or filling up of the flanks of the arches will 
tend to deftroy the equilibrium of them. But 
in a bridge of one fingle arch whofe extrados 
rifes pretty much from the fpring to the top, 
one of thefe figures will anfwer better th<m any 
of the former ones. 



Ex- 
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To determine tie extrados of a cycloidal a^ch of 
. equilibration^ 




Let DZQ^be the circle from which the cy7 
cloid DC A is generated, and the other line^ 
as before. 

Put a = DK, X = DP, and ;^ = l^C =3 RI j 
alfo put d=T> Q^thc diameter of the circle, ancji 
z = the circular arc DZ« 



Then, by the nature of the cycloid, CZ is 
always eqiial to D Z = z ; and, by the nature 
of the circle, PZ is = y/dx-- xx ; wherefore 
PCor;^ = (CZ + ZP=)z + v^^^r^^. Hence 
i^--^ .. A. u... L _ \dx 



J'=r^ + 



"^dx^xx 



X xi but z = 
F2 



\/dx -^ X X 
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by the nature of the cfarcle ; therefore y = 

■■ i. T^ X i s5 ^ ^ JZJi J and then y » 

"^ , T making ;r confUnt. Hence CI 

2X\/dX'^ XX 

e Zfi X J?,= 4^. But when :^ = o> CI is 

cs /r =s ^ } therefore J^=s 2arf j and tjien the? 
general value of CI is ^^ . 

Confequently KR =s (a + ^ — CI sr) a -^ x 

•- ■ ■> ; will exprefs the nature of the curve 
d'^ x\ 

KI ; which refemtles that; for the circle and 

ellipfe, as evidently appears by comparing the 

figures toge^er, each of them being accurately 

conftrufted. But this figure feems to be rather 

better than either of them, as the extrados ap-^ 

prqaches rather nearer to a right line, and txr 

tends farther out before it is bpnt upwards. 

Other exaniples of known curves might be 
given; but thofe that have been put down al- 
ready, feem to be the fitteft for real praftice ; 
and there is a fufficient variety among them, 
to fuit the variqus circumftances of cpnvpnience, 
ftrcngth, and beauty. 

JfhaU 
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I fliall now proceed to another general pro- 
blem, which is the reverie of the laft one, and 
determines the figure of the intrados for any 
given figure of the extrados, fo that the arch 
may be in ecjuOibrium in all its parts. 



Proposition V, 

Having the Extrados gvven\ to find the 
Intrados, That iV, having given the nature Qr 
form of a line bounding the top of a 'wall above 
an arch.; to find the figure of (he arch^ fo that 
fry the prejfure of the fuperincumbent wall^ the 
ivhole ma^ remain in equUibrium^ 

Splution^ 

Put u ss DK the thicknefs of the anch at 
jtqp, se t= DP the ab- 
fcifla of the intrados 
DC, = KR the ab- 
fcifla of the given ex* 
trados KI, and jr = PC 
ss RI their equal ordi« 
|iates» 




Then, by the laft propofition, CI is =- ^ - - T^-^ 

^S^ but CI is alfo evidcndy equal to ^ + ^— ^; 

therefore 



F 
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f therefore a -t- 4r — 2r is = y^'^/^y y^ j^-. K^ ^ 

the flimon of t-; wher^ -^^is a conftant quan- 

I tity, as nfed in the laft propofition, and always 

to be determined from the nature or conditions; 
of each particular cafe. 

Hence then, by fubfiituting in this equation 
^ the given value pf z inftead of it, as expreffed 

t in terms of y^ the refulting equation ydll then 

involve only jr and y together with their firft and 
fecond fluxions, befides conftant quantities. And 
from it the relation between x and y themfelves 
i^ may be found, by the application of fuch me- 

. thods as niay feem to t^ bell adapted to the parti- 

cular forn^ pf the given equation to the extrados^ 
In gener^, a proper feries for the value of x in 
terms of ^ is to be aflumed widi indeterminate 
cpe^pients ; which f(^ries being put into fluxions, 
ftriking out of every term the fluxion of y ; and 
the refult fluxed again, ftriking out froni every 
term of tjiis alfo. the fluxion of y \ the kft ex- 
prefiion drayvn into J^being equated to i + ^ — j2^, 
there will be produced an equation front which 
will be found the values of the coefficients of thQ 
terms in the aflumed value of x. 

But in the particular cafe when z is always 
npthifig, or thp lextnulos a right h<»i2;ontal line^ 

adifr 
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a different and eafier procefs obtains, 2s in this 
ft)ll6wing example* 

£ X A M !» L B. 

To find an ahh of equiltbriition whofe extrados 
jhall he' a horizontal line. 





Making the notsttion as in the propofition, we 
have z = o, and therefore aAr^ = ^ X the 

... ; • • . — y 

fluxion of-r. 

y 



Now affnme t =± - ; tiien - = v, and ^ x 

' V y y 

flux, of -r 1= -^=r— ; that is, a + ;i; =s -^^V- ; hence 
y X X 

ax-i-xxss^v^ Then, by taking the fluents, we 
hxvczax^x^^^^P hence t; a V^^^^^^, 

and 






and confcqucntly ^ =:(-=) -^ 



=±r. 



Then 

the fluent of t his is > = J^^ x hyp* log- of 
2 d^ 4- 2 ;r + 2 i^zax + ;ir;ir ; but when x = o, 

this is J^^ X hypt log. of tai therefore the 

corrcft fluent is ^ » J?J x hyp* log. of 



a 
Or the ^fluent might be otherwife found thus* 

The equation a + M - ^ - ^ " ^ X ^, fup- 

pofing jf conftant, becomes a -¥ x =r '^^7'^ ^^ 

ay^ + xy^ =a ^ j ttultipiy by ^ and theii 
aJcy^ + ;r;r^' «= -^iJ i a|id hoace, by taking the 
fluents, 2axf + x*f = -^i^ j confequendy 

v'as '^^^ — , or y = . . And then 

-^ 2ax + xx i/iax + xx 

the rtft will be a$ above- 
Now the value of J^will be fcttmd by writing 
in this equation fome particular correfpondent 
Joiown values of x and y : thus when P arrives 
atq, then x = Jyqjt r, and ;^ = Q»A = A; thefe 

bdng fttWUtuted for then^ «» have i ts J^ >c 

hyp* 



Seft. IL Of the Arches. 41 

\ tf + r + \/'2.ar 4- rr • -, 

Joyp. log. of — ' — — 9 ana come- 

quendy ^ = ■ . 

, r Viar + rr 
hyp. log. of tf + r + -^ r- 

Wherefore the general value of ^ is thus, y =3 

hyp. log. ;; 

Jbx — 



, , a + r -^ x/iar + rr 
hyp. log. 



Hence, when .^ is = ^ , the curve D C is the 
catenary ; and in general the ordinate is every- 
where to the correfponding ordinate of the cate- 
nary whofe tenfion at the vertex is 17, as A is 

to a X hyp. log. of ^ . — • 

If X were defired in terms of y, it would 

be thus. Put A = the hyp. l og, of a^ and D 

I , - ^a - ^ r + ^ 2ar + rr 
= T X hyp. log. of ; then 

Dy ^ J =z hyp. log. o( a + X + ^i/ix-^- xx : 
Again, put N = the number whofe hyp. log. is 
Dy + A J then N =: a + x -^ y/2ax 4- xx ; and 

hence ^ = ^ ^^ > or ^ + ^ = KP = — ^-^ • 

By taking A(^=: h = 50, and D(^=: r =: 
40, alio DK =: a =6. Then the hyp. log, 

G of 
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of IS = the hyp. log. of 

4 ^-Ji?'=. the hyp. log* of I5'26784 = 

2* 725 748 7 9 hy which dividing A = 50, the quo- 
tient is I &• 34 3 5 84. So that the ordinate ^ will 
be conftantly in that cafe equal to 18*343584 

X the hyp. log. of — ^ • Alfo 

i8>3 43584 = •^5451497 is =2), and J =hyp. 
log. of 6 = 1*7917594; then TiT = the number 
whofe hyp. log. is r 79^75 94 + '0545 149 7> 
And then by afTuming feveral values of one of 
the letters x^ y^ the correfponding values of the 
other will be found from ^ne of th^ two equa- 
tions above. 

And in this manner were calculated the num^ 
bers in the following table ; from which the 
curve being conftrufted, it will be as appears in 
the figure to the example.— —And thus we have 
an arch in equilibrium in all its parts, and its 
top a ftreight line, as is generally required in 
moft bridges ; or at leaft they are fo near a ho- 
rizontal line, that their difference from it will 
caufe no fenfible ill confequence. It is alfo both 
both of a graceful figure, and of a convenient 
form for the paffage through it. So that there 
can be Ho good reafon for neglefting to ufe it 

in works of any confequence. 

The 
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The Table for Gmftrufling the Curve in this 
Example. 



Valne of 


Value of 


KI 


IC 


o 


6'ooo 


2 


6-035 


4 


6-144 


6 


6-324 


8 


6-580 


lO 


6-914 


12 


7-330 


13 


7-571 


14 


7-834 


15 


8-120 


16 


8-430 


17 


8-766 


18 


9-168 


IP 


9-517 


20 


9-934 



Val.of 


Value of 


Kl 


IC 


21 


10-381 


22 


10-858 


23 


11-368 


24 


11-911 


25 


12-489 


26 


13-106 


27 


13-761 


28 


14-457 


29 


i5-i9<5 


30 


15-980 


31 


16-811 


32 


17-693 


33 


18-627 


34 


19-617 


35 


20-665 



Val of 


Value ot 


KI 


IC 


3<5 


21-774 


37 


22-948 


38 


24-190 


39 


25-505 


40 


26-894 


41 


28-364 


42 


29-919 


43 


31-563 


44 


33'299 


45 


35M35 


46 


37-075 


47 


39-126 


48 


41-293 


49 


43-581 


50 , 


46-000 



The above numbers may be feet or any other 
lengths of which DQ^is 40 and (^ is 50. But 
when DQ^is to QA in any other proportion 
than that of 4 to 5, or when DK is not to 
DC^as 6 to 40 or 3 to 20 ; then the above 
numbers will not anfwer ; but others muft be 
found by the fame rule, to conftrud the curve 
by. . 

In the beginning of the table, as far as 12, 
the value of KI is made to differ by 2, becaufe 

tlie 
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the value of I C in that part increafes fo very 
flowly. 

Other examples of given extrados miglit be 
taken ; but as there can fcarcely ever be any- 
real occafion for them, and as the trouble of 
calculation would be, in moft cafes, extremely- 
great, they are omitted. 
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SECTION III. 
Of the Tiers. 



Proposition VI. 

To find the diftance QM of the center of 
gratuity of the given circular arc AD, from 
DQjhe verfedjine of the f aid arc, QA being 
its right fine. 

Solution. 



Put r = the radius, z == 
any arc DR, and x = its fine 
TR or qS, 



Thep^ by mechanics, the -^ ^ ^ 
force of a particle z of the curve placed at R 
is TR X z = ^z J and the force of all the par- 
ticles will be equal to the fluent of xz i which 
muft be equal to QM drawn into the whole 
line ; that is, QM x z = the fluent of xz^ or 

QM = - X fluent of xz . And this is a ge- 

neneral theorem, whether z be a line, furface, 
or foUd } fuppofing the two former to be afi*eded 
with gravity. 

Now, 




1 
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Now, by the nature of the circle, z = 



rx 



77TT 



-; and therefore xz = 



rxx 



XX s/ 



rr — XX 



' > 



the corrcft fluent of which is r x r — \/rr — xx. 

Confequendy QM is = r x ^ "" \/^^ •- ^^ . 

z ' 

which, when x = QA, and j? = the arc AD, 

becomes qM = r x ill^^^§2!:=: the dif- 

tancc from D (^required. 

Or, fince r^^^r* -QA* is = QD, thefkme 

diftance O M will be exprefled by r x /13^ 

' ARD 

Or, laftly, fince r x QD is half the fquare 
of the chord AD, the fame diftance (^M will 

be equal to 4?;. or ^^li2I^ 
^ 2ARD ""^ 2ARD • 

Corollary, 

V^tn ARD is a quadrant, then A(^= qp 

= r, and the rule is OM = (-5-^= ""^ ■ 

^ ^ARD -7854x2 r 

~^T7^' ^ ^^ =•?'• nearly, or.= VVr 
extremely near, 

{P&opo- 



1 
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Proposition VH. 

The figure being the fame as in the laft 
propofttion, in is required to find the difianee 
Qm of the center of gravity of the arc ARD 
from the fine AQ^ 

Solution. 

As in the laft propofition, QM will be =2 -^ 
X the fluent of SR x AR* 

But, putting jzrrs A R, ^=QS = RT, r=:thc 
radius, A = D Q, and s = Qji, we Ihall have 

z = A R = ^^^ , and S R = A - r + 



r^h 



y/rr^xxy hence SR x AR = - 

rx — r;^ = A — r . i — r i ; the correft fluent of 
which is h — r.z + s -^ x .r. 



Confequently Qm is = A — r + . r = 

AS 

i — r + . r And when R arrives at D, it 

z 

IS Qm zz b^r^ -j-. 



^ Or, 



48 The PiiiNCXPLEt rf Bridges* 

Or, fince r is = r — » the fimac diftance 

r\ •« L bb^ ss bb + ss s • 

qm wiU be = —77— + — 7J— • Ji wli«"« 

wl is the whole arc ARD. 

Corollary. 

When ARD is a quadrant, then h and / are 
each = Sy and the rule is «^, the fame as in the 
coroIlar7 to the USL 
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Proposition Vlli. 

To find the diftance QM of this center of 
grofuity of the /pace A1K.DSA from KQj 
fuppofing DA to he a circular arc ivhofe fine 
w AQ, its verfedftne QD, and A I, IK, pa- 
rallel to DQ^ QA refpe^ively. 

Solution, 



Draw R S, ST parallel to D <^, C^. And put 
« = DK, r = VD = yW 
the radius of the circle, 
;p = TS = KR, and ^ = i 
the area DSRK. r 



Then, as in prop. 6, , 



R 



S 



wc fliall have QM =: - 
X the fluent oi xz. 



••A »! 



W 



T 

ni 



But z is = RS X a, and RS = KD + DT = 
« + r — ^rr — xx. GonfeqUently. jez is = RS 
X XX =: axx + rxx — xxy/ff'^xx ; the cor- 



reft fluent of which is - — - .x* 



r' — rA — jc;^"* 



H 



Wherefore 



h 
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Wherefore O M is = ^—. x* - ^'"^ rr-x^^ 

^^ 7. ry ^ 



3^ 



_ /f+_r XX rxx -{- r^ ^rr -^ xx.rr^ xx 

>• 2 * Z " JZ 

_ 3 tf +^r ;v^ _ TD r-TPl* _ 



3^ 4 r.TS*- 2TD.r-.TDV r*-y» 
•** ^^ or = ^ . m 

r' — y' 
— ^, putting ;w = VK and jf =, VT. 

And when SR arrives at A I, then QM is 

_ 3^^+r.QA«-^2QD .^-QDl' r*~VQ* ,,^ 
6AIKD SA ^ =-73^'^^ 

• "Td ^ putting ^ for the whole fpace 

AIKDW. 

Corollary i. 

When DA is a quadrant; then the fpace 
AIKDSA or AIKC^- ASDC^is =^T7.r- 
•7854rr = a--2i46r x r, and <^A = QD = r. 

Wherefore, in that cafe, QM = ^^"^^ x ir 

^^ a + '2iJ^6r 

3T+'^6438r ^ ^^* 

nearly. 
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nparly. Or, rather, it is = -^ — ^ x ^^ = 

420:4- \^r ^ cxtremdy near. 
4aa+9r ' 

Corollary 2. 

When a is nothing, then (AD being a qua- 

drant) C^ is = -t~q~^ • ^ ^^ ^^ 7 '" ^^^ nearly. ^ 

And when ^ is =l ir, then QM is = — 7 — . 

^ 1-4657 

Or j|r very nearlv. 

Laftly, when a = j^r^ which is nearly the 
proportion in pretty large arches; then QM is 

5= — — -g. Or rf r very nearly. 

Proposition IX, 

To jind the diftance of the center of gratuity 
(fthe fpace kiDS A from the fine QA of the 
circular arc ASD; ivhere \l\ ts perpendicular 
ta QAk, and the reft of the lines as in the^ 
Iqft figure. 

Solution^ 

Put a = kA, s = AQ^, m = k(^=: i? + j, r = 
VW = VD. the radius, z = any variable fp^^ce 
krSA, and ;tf = TS the fine of the arc SD, 
Alfo 4 ^ the fpace kiDSA, 

H ? Then 
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Then rS = m — ^> and, by the circle, VT 



ffi — ^ 



5s ^rr — XX ; hence i = rS x YT 

X --' xxi confequendy VT X i = w — 4? y—xx^ 

jf — ;r* 
the corred fluent of which is x m 

2 



Wherefore the diftance from VW 



s^ -^ X* j' — *' 



is Vm = X m for the general 

^ce krSA. 

And when S arrives at D, Jir is = o j and then 

^ lA JA 6A 6A 

X i* = 3^+^.x A(^ = the diftance of 
the center of gravity from VW. 

Corollary. 

Whei^i a coincides with FT, or the arc a qua* 
drant, then j is = r j and the rule becoinea asi 
in Cordllfiry i to the laft. Alfo the 2d Corollary 
to that may be underftood here, majking the 
fame fuppofitions as in it* 

Scholium^ 

The four preceding prppofitloiis are premifed 
as neceffary to the examples to tlie following 
general one, which ^etemunes the thicknfefs of 

the 



^m 



^ 
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the piers neceffary to refift the fpread or fhoot of 
any given arch, and that whether the whole or 
part or none of it is imnierfed in water. In- 
ftanccs only of circular arcs are here given ; 
becaufc that- in determining the drift of the! 
wch, whatever its curve may be, it will make 
little or no diflferenqe by fuppofing it to be 
circular. 

Proposition X. 

To Jind the thicknefs of the piers of an 
archi nefeffary to keep the arch in equilibrium^ 
or to refift its fhoot or drift ; independent of 
0ny 9ther arfhes. 
K r I 




G E I, 



Solution. 
Let IKDA be the half arch, and IHGL 
the pier to fupport it, moveable about the point 
Q9 wd bifeded by the perpendicular £F. 

Through 
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Through the center of gravity of the arch 
AIKD draw MN perpenciicular to A(^ the 
femifpan, and meeting DN drawn parallel to 
AO in N. And cpntinu^ (^ to meet GH 
in B. 

Put a = DK, h = DC^= MN, c = AM, A =s 
the area or feftion AIKD of the arch, ^/= AL 
= BG, ^ = FE, aufi A> = AB=5QL tjie reqiiired 
breadth of the pier, 

Now (by prop. 63 Emer. Mechah.) the weight 

of the arch is to \t& preflure in the dire^fion 

cA 
AB, as NM is to MAj hence b : c :: A i —S 

s the force or fhpot of the arph in the direction 
AB} which being dr^wn into the length of the 

lever BG = ^, we have -~r— for the effica- 
cious force of the arch; to oyerfet ^he pier, or 
to turn it about the point G. Again, ^;r is ^ 
the area of the feAion of the pier j >vhich being 
fnppofed to be colle6^d into the middle line 
EF, it may be confidered as a weight appended 
to the end E of the lever EG ; therefore 
ex X EG =: jexx will be the efficaciotis force 
of the pier to prevent its being overturned. 
And that the arch and pier naay be juft kept 
in equflibrium, we muft make the forcd and 
pcfiftance equal to each other, that is {exx 
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cdA TT ^t /ltd A 

= ,— . Hence then ;i^ = v — ,- = 

h eh 

y2AM><ALx>^ win be the breadth or thick- 

DQ^x EF 
nefs of the pier requued. 

In the above ipveftigation it is fuppofed that 
the whole of the pier was out of water : But 
if any part of it OL be fuppofed to be im- 
merfed in water, that part will lofe fo much of 
its weight as is equal to its bulk of water 5 and 
fince the fpecific gravity of water is to that of 
common fione, as i is to 2^, or as 2 to 5, it is 
evident that OL will lofe 2 parts in 5 of its 
weight. Hence then, putting ^ = OG, fincc 
OGxGL=^;i;is the area immerfed, there- 
fore fj^^ = the weight loft by the immerfion; 
which being taken from ex the whole, we fhall 
have ex -^ jgx as the weight remaining ap- 
pended to E ; then this being drawn into GE 
:= iXj and the produd equated to the efficacious 
force of the arch as before, we have {exx-^ 

cdA , , / locdA 

liTxx =5 — y— : and hence x ^ w 7— ■ - 

k h.se-'Zg 

for the thicknefs of the pier when it is im- 
merfed in water to the height expreffed by g. 
— —Or, becaufe g will be nearly equal to d^ 
the theorem for the thicknefs may he x ^ 

/ locdA ^ / 10 AM X AL X ^ 
^ h.Je^2d "^ '^DCLx5EF-2AL* 

Cord- 



N. 
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Corollary i. 

When DA is a quadrant, the arch is a com- 
plete femicircle ; and then bh^f^ As: a^-^jf 
X r as in Cor. i to prop. 8, and by the £kme 

Corollaiy c or r — QM is = r ^^"^ ^ x ir 

= ^ j^^ X ir. Confequently cAis^ J^+T^ 
X irr. 



This vahic being fubftituted in the two pre- 
ceding theorems, we have ^ o v — x ^-^^"^ ^^ 

i 21 

^ ^ — : — TTi X = 

a + r + a 21 

/ALx AO 21DK+2AO , . , ■ ^ 
^ ll ^ X ^^ ^ = tbcknefs of 

the pier when it it is dry. Or, if n exprefi 

what part ^ is of r, or DK = ith of DQjor QA, 

the fame thicknefs wiU be ^^A w ^-^291 

21 r + r^d.n 



And the thicknefs when AL is under water 
IWU be ;r = y 5^^ ^ 2itf4-2r _ 
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y 



dr 



a+r+^d 



21 a + 2 r 

X — a 

21 



/XTxAQ 21DK+2AQ -. .. 

£= - as before, the fame thicknefi will be 
n 

rv — X , ^ = AO X 



i/,VAL 



21 4- in 



AQj^Aq+^AL.n 



Corollary 2, 

When HG is = BG in the laft figure; thea 
the arch and jtter 
will be as in this an- 
nexed figure. And, 
e being then=^, the 
two general theo- 
rems wiU become 

X = V -T— =: G li 

/*♦ A X AM 
^ " £)^) — for the thicknefs of the pier when 

dry, and *.= s/^ ^. ^lo^xAM ^ 




thicknefs when under water. 



w^ 



the 



So that, in this cafe, it makes no difference o^ 
whatever height LA the pier is to the fpringing 

I o£ 
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of the aixrh. For though the drift of the arch 
be increafed with the length of the lever or 
height of the pier, the weight of the pier itfelf, 
which aAs againft it, k alfo increafed in the 
£une proportion* 

Scholium. 

In the inveftigation of this propofition, the 
fe6tions of the arch and pier are ufed for their 
folidities,' as being evidently ill the fame pro- 
portion, or in that of their weights, fince they 
are of the fame kngth, viz. the breadth of the 
bridge. 

By the above rules, together with thofe in the 
four preceding prqx>fitions, the neceflary thickr 
nels of a per may be found, fo that it ihall 
jufi balance the fpread or ihoot of the arch, 
independent olF any other arch on the other fide 
of the pier. But the weight of the pier ought 
a little to preponderate againft or exceed in ef- 
feft the fhoot of the arch ; and therefore the 
thickneis ought to be taken a little more than 
what will be found by thefe rules ; unlefs it 
be fuppofed that the pointed projedions of the 
piers againft the fiream, beyond the common 
breadth of the brid^, will be a fufficient addi- 
tion to the pier, tp give it the neceflaiy pre- 

ponderancy. But there is one very material 

thing, on account of which the thicknefs of the 
piers may be much diminiflied } viz. by the 

fiones 
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ilones of tha y^ atbpye the vou^oifs being 
bonded in with thofc of the pier and .wtJb 
one another, the pier will cany part of their 
¥?eight; which will not onlydimimib the weight 
of the whole arch and wall, but will alfo both 
add the fame to the weight of the pier, and 
lengthen the lever E G, by moving the ccotcr 
of gravity a little nearer to L ; but then alfo 
M will be a Bttk nearer to (^ fo that AM will 
be longer, and the effefts of the change of th^ 
tenters of gravity may be fuppofed nearly to 
balance each othinr.-*7-~Ia the foregoing prc^o« 
fitions I have coniidered circular arches only, ai 
it will niake no difference of any confequence, 
to fiippofe the arches of any other curve of the 
fame ^an a^d pitch, l^ut this loth prop. i$ 

genenU for aU cqrves, 

♦ 

I fh^now add a f^w examples of the cal» 
culation in nxmibers, to fhew the manner, and 
in them alfo to |K)i<* mK X}i^ e^fi^ methods of 
calculation,, , 

£ X AM PI. £; It ^ 

Supposing the arch in the figure to the prcn 
pofition to be a femicircle whofe height or pitch, 
is 45 feet, and confequently its fpan 90 feet; 
al£b fuppofe the thickneis DK jit top to t)e 
4 feet, andtlve height LA to the fpringing 18 j 
and let it be required to find the thickneis GL 
,. : \z of 
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of tkc pier ncceflary to rcfift the drift of the 
ftrch. \ 

This "will be immediately found by Cor. i, in 
which AC^is = 45, AL = x8, jind « = - = ^ 

Then the firft expreflion A<^>c 
yA^TIIl^i^ ^ become- 54o 



21 A(^+A9+AL.» \/24i5 

s 10-9889 or II feet nearly for the thickp^is pf 
the pier when dry. 

And th? latter exprefliop AQ^X 

/AL 21 + 2n .„ . C40 

V X will give >>. /^u 

21 A(^+A(^+}Ajl.» / ^ A/2A65 

= 1 1*6 1 feet for the thicknefs when 18 fpet ar? 

under wat^, 

E X A M p X. B a, 

In the fame figure, fuppofe the fpan to be 
100 feet, the height 40 feet; alio the thicknefs 
ab top 6 feet, and the height of tlie pier to th^ 
fpjinger 18 fi5?t as before* 

Here the figure either is or may be confi- 
dered as a fcheme arch, or the fegment of a 
circle, in which the verfed fine (^ is = 40, 
and the right ifine OA = <o j alfo DE = 6, AL 
5? 18, EF:^eJ4. 

flow 
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Now, by the nature of the circle, the radius 

hence V<^= 51^—40 = ii^; and the area of 
the fcn^i-fegment ADQ^will be found to be 
I490'p998, or 1491 nearly; which being taken 
from the reftangle AIKC^= AC^x QK = 
50 X 46 r:. 2300, there remains 809 =s A the 
jarea AIKl3. Then, %' prop. 8, qM will be 

zJ 34, 

■^ -ax 809- ^ "' "^ ~^3 X 809 7 

53'5^ ; «nd donfeq^iendy M A a A(^— ^M ::^ 
50- 33-58 = 16-42. 

: Then, thp fiiil expreffioii y^i^^AAM^><4 

vdll become y3i2L^^li<j£2 ^ 13.67, or 
igi feet hearfy = the thickncfs of the pier when 

And the latter expreflibii v — ■ • . . . .- 

- / Dqx5EF~2AL 

•mi • /180 X 16*42 X 809 ^^ • 

Will gwTC V ^-i ■ — " = i4'5o8, or 14I 

:. - - 40 X 320 -^<f- ... : , 

feet nearly = the thicknefe whpn 18 feet are 
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Let die arch be of the gothic kind^ as in 
the annexed figure; in which DA is a curular 
arc whofe center is V, its fine DCJ^s 50 = the 
height of thq arch, its verfed fine A(^= 40 = 
the fipmi-fpan, the thicknefs at top DK = 6, and 
the height AL of the pier tQ the-fpriiig = 18 
as before. 

Here the radius VA == 51^ as ixr the laft cxi- 
ample, and the femi-fegment AD(^= 149 i^i 
alfo the fame as in th$ laft example; then the 
feftangfc IC^is 3= A(^x QK = 40 x 56 = 2240; 
fixwn which taking the femi-fegment, there re- 
mains 749 = A for die area AIKIX Then, by 

prop. 9, VM will be ^quai to. •* ^ -^H 

Dq: = —^ X 5o« = 37-83 i andJieweM^^ 



s= ^ = SV2S - SrSs = I3*4^* 



Thca 
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Then the fiift expreffion> /^^j^^^^^ ^ 

Witt become -/ill^iii^lllil? :n 5,885,, or 

nearly to feet for the thickneft of the pkr whtti 
when it is all out of Water. 

A J i.1. 1 x^ /ioALxMAX-4 •,, 

An4 the latter one v — will 

DQXSIL-.2AL 

/180 X I2*42 X 809 , 

give V — = 10*409, or io| 

50 X 370-36 

nearly =: the thicknefs when iS feet are under 

water, - . 

£ X A M F L £ 4. 

When the arch ftones only are hud, and th6 
pier built no higher than the fpring, it will ap* 
pear as in the figure ta corollary 2. And then 
if, in the firft Cafe, the arch be a complete 
ietnictrcte whole diameter is 90 feet,, and the 
thicknefs everywhere DK = AS =t 6 feet: It 
is required to find the breadth of the piers. 

The bounding arcs being quadrants, the area 
ADKS will be ^^"^^^ X DK = ^2Jl121 

X 4:t X ^ - H4 X V - 452*4 = -rf- Now if 
TW be another concentric quadrant Kifefting 
the area ADKS, the center of gravity of T W- 

may 
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may be taken for that of the iaid area. And 
thcn^ by the corollary to prop. 6, (^ will be 
= ttC^J but fince the quadrants (^A, qj W, 
(^KS are in arithmetic progreffioA, the fquares 
of their femidiamcters CJO), qj, QjC will be irt 
the iame progreffion, that is aQT* = QD* + 
(^K% or aT = y SD11.sk: ^ v/45»^5i' 

s= 48*094; hence then QM = ttQT » = /t 
X 48-094 = 30*605, and confequently MA =5 
45-30-6 = 14-4. 

Then the former of the two e:3^eflions id 

corollary 2 to this propofition, will give G L oir 

/2-4 X AM /904*8 X 14-4 * ^ 

V — g^^ — = ^ 45 = iroi6, or 

1 7 feet for the thickneis of the pier when out 
of water. > 

And the latter one v - — ^T^/^ ' ^^ bc- 

come V ^^^^4 — ^^ = 2i'97> or nearly 2^2 feet 

for the thicknefs when the pier is inunerfed in 

water. 

Scholium. 

Or, becaufe (^^ is nearly an arithmetic mean 
between <:(p and QK, half the fum of (:(D 
and QK might have been ufed inftcad of it, 

withJfct , 
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without cauling any fenfible difference in the 
conduiion. 

Wc might alfb exhibit general theorems for 
the thicknefs, in terms of the radius only. 

For, taking QT or QW = 9 J P ^ Q.f ^ by the 

corollary to prop. 6 we have (^ = ttQW 

9s ^ -^ X 7, and thence AM = ^ = A(^ 

AM, J = :*£±£S>cDK = 2D±£k" yDK 

2 2 ' • 

being fubftituted in the expreffion v — ,<.^ . 
wefluUhaveyil^P'-^^,>;?^-7DK' 

14 qp 

X DK for the thicknefs of the pier when dry; 
and the fame expreffion multifdied by ^{ will 
give the thickneis when the pier is immerfed in 
water. And, farther, if DK be afliimed equal 
to any part of DC^ as DK = « x DQj then 
the thicknefs in the former cafe will be fip x 
^j6-6n- nnn ^ ^^ .^ ^^ ^^^ ^ ^ 
14 ^ 

j: Then 
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Then, by affuming feveral values oC n from 
tV to y, which are beyond the limits of it, the 
feveral breadths of the piers correfponding to 
the feveral values of the thicknefs of the arch^ 
both when the pier is fuppofed to be out of 
water, and immerfed iti it, will be found ironl 
thefc expreffions as in the following table j 

where the fractional part — or — is alfo given, 

becaufe it is the moft common proportion. 



A Table of the Breadth or Thicknefs of a Pier 
anfwering ' to the feveral thicknejfes of a 
femicircular arch, as in- the foregoing e:i- 
ample, QD being the radius or femi-fpan. 



For the pier dry 




For the pier in water 


Thicknefs 
of the arch 


Thicknefs 
of the pier 


1 


Thicknefs 
oftiiearch 


Thicknefs 
of the pier 


T'.qp 
4qD 

fqp 

tQP 

rqp 


.331QP 

.348 qD 
•368 OP 

•379QP 

.39iqp 
420 qD 

•455qD 


T'.qo 
iqD 
^qo 

^-qp- 
iqo 


•42 7 qp 
•449 qp 
•475 qp 

•488 qp 
.505 qp 

•542 qo 

•588 c^ 



Ex- 



Sea in* '"^-'" "OjTtBe Piers. 6 7 

Example 5. 

•^ But fuppofing the fame figure in Con 2 to 
be a circular fegment, whqfe chord or fpan is 

foo feet, and height 40 feet, alfo the thicknefs 
of the arch 6 feet : To find the thicknefs pf the 
piers. 

Here the radius of the middle arc TW is 

is an arc of 78* 6', and its length will be 
73*8293 ; which being multiplied by DK = AS 
=s 6y we have A = 442'9758, Then, by prop. 6, 

QM will be found = Jil±^liL= 31-545. 
^*- * 2 X 73'«293 ^ ^^-^ 

And confequently AM =? 50 -« 31*545 = 18-455, 

Hence, by Cof. 2, it vill be ^td^^ = 

y885:9_5l6 xj8^5 ^ ,,.,,3 = the thickn^i^ 
40 

of the pier when dry. 

And y ^Q^xAM _ ^4429-758 X i8'455 
3J)(^ 120 

as 26*101 = the thicknefs in water, 
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Otherwifi. 

But if the arch be fuppofed to increaCe in 
thickneis from the top at D, where it is 6 feet, 
all the way to the fpring, where it is AS = 12 
feet fuppofe ; the height and ipan being 40 and 
100 as before. 

Then QS = ^2, ^Wsr 56, and QT = 43, 
Hence the radius of the arc TW will be 

22^^ = iil-ii: = „.„5. , and 

therefore TW is an arc of 70* 40% and it» 
length = 73* 1945. Confequently the area ADKS 

or TW X will be 73*1945 x 9 ^ 

<i58*7S = A. And, by prop. 6^ QM will b« 

-^ — ±-13 -- 34-053 ; and tho^cfore AM = 
2 X 73' 1945 -^^ ^ 

50- 34-053= ir947- 

Hence, as above, v— i-Z-i ^-2iZ= 22*018 

40 ^ 

will be the thicknefs of the pier when dry. 

And yMri^L5:217^,j.588 = thethi^k. 
nefs in water. ' 



Ex- 



r 



1 



Seam- 



Example 6. 



«9 



In a gothic arch wjiofe thicknefs at top. is 6^ 
tlie fpan 8o, and lieight 50 feet ; to Jind the 
thicknefs of the piers. 




By the laft example, TW is rs jySi^^^ its 
radius = S4/t> ^^^ A^ ^Irea ADKS = 4429758. 
Then, by prop. 7, we have C^ = 43 — 54^t 

+ ^y^gipf "^ '^'^'^ ^ ^"""^ ^^''*'^'' ^^ = ^^ 

— 27*718 = I2-282. 

Then, by Cor. 2, we fiiall have 

^/2 X 442-9758 X 12-282 ^ r ,., 

V ^^ ^'^^ = 14-752 for the thick- 

nefs of the pier when dry, 

A«^ ^/4429'758 X 12 282 

And V ^^ \^^ == 19-045 = the 

thickneis when in water. 

Mb 



fo Tie PuxopLU {f IBridges. 

Alfo if the arch floaes woe fuppofed tm 
lengthen all the way from the top towards the 
lower end, the calculation mifi;ht be made 2^ 
m the hft e^tami^le*' 

Having, in thefe 2d and 3d felons, gone 
through the calculations for the form of arches, 
and the thickT)iH^ of piers ; I Ihall now in the 
next fedion ' add fome inveftigations of rules 
for determining the beft form of the ends of 
the jners^ with the foi!ce of the waiter upoii 
them, &€. 



SEC-^ 
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SECTION IV. 

The Force of the Water ^ (6^^ 

Proposition XI* . 

To determine the form of the ends of & pief, 
fo as to make the leafl reft/iance to^ or be' the 
leafi ftibje^ to the force of the flream of 
"water. 

Solution^ " 

. Let the following figure - reprdfent a hori- 
zontal feclion of the pier, AB its breadth, CD 
the given length or projeftion of the end, and 
ADB the line required, whether right or cur- 
ved; aKo let EF reprefent the force of a par- 
ticle of water afting on AD at F in the di- 
reftion parallel to the axe CD ; produce EF to 
meet AB in G, and draw the tangent FH, 
alfo draw EH perpendicular to FH, HI per- 
pendicxilar to EF, and FK perpendicular to DC. 





Now 



fz Tic PuHonxs rf BuooEs. 

Now the abCblate force £F of the particle of 
water may be refohred into the two forces £ H, 
HF, and in thofe diredions ; of thefe the latter 
one, afting paraOd to the curve, is of no effeA ; 
and the fonnei £H is refolved into the two 
£1, IH; fo that EI is-the efficacious force of 
the particle to move the pier in the dire^on 
of its axe or length : That is, the abfolute force 

is to the efficacious fwce, as EF is to EI. 

Then, fince EF is the diameter of a femicircle 
paffing through H, by the nature of the circle 
we Audi have EF : EI : : EF* : EH* : : (by 
fimilar triangles) HF* : HI* and : : the fquare 
of the fluxion of the curve or line : the fquare 
cf the fluxion of the ordinate FK, bec^ufe HF, 
HI are parallel to the line and ordinate; 

Wherefore, putting the abfcifla DK = ;tf, the 
ordinate KF = y^ and the line DF = 2r, we Ihall 

t* 
have as z* : y* : : i (the force EF : v^ ) = the 

force of the particle at F to move the pier in 
the direction E F G. But the number of particles 
finking agakift the indefinitely final! part of the 
line, is as ^ ; this drawn into the above found 

force of each, we have 4- = . ^ ■ for the 

z* oc^-^y* 

fitudon of the force, or the force a^g againft 
the part z^ of the line. 
^ But, 
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But, by the propofition, the whole force oa 
DFA muft be a minimum, or the fluent of 

»> --^ ." ■ muft be a mmimnm when tmt of ^ 

becomes equal to tKe conflant quantity D C $ 

in which cafe i^ will be found that ^ -.^y 

fiiuft be al^iy* ecjual to a cottlbnt quantity q ; 
and hence jk^ = j x a?* -^y] . 

KoW kl this equation it is evident that x is 
to j^ in a coDiftaM ratio ; but if two fluxions be 
always in ^ conflant ratio, their fluents Xj y^ 
are known to be alfo in a conflant ratio, which 
is the property of a right line* 

wherefore DFA iff a right line, and the end 
'AI)S of'lii^ pier muft bb a right*>lined. triangle, 
that the force of the water upon it may be the 
leaft poflible. 



Peo- 



yl 



>l" fhe'Fka^ttlts ^ Fudges. ' 

. PaopofiTioN XII. . 

^ deUrmiae tbet. fiance of the end. of m 
. pier agiunfi the Jireqm of ivater. 

\ XTsiKo here the figure and notation of the laft 
propofition, by the fame it is found that the 
fiuxion of the force of the ftrcstm againft the face 

DF 15 .i ^ I, ? and fince the fiuxioii of the 

force stgainft the bafe is jy, ijt follows that the 
force 6f the ftream againft the bafe A B is to 
the force againft the facc^^pB, as 0) the ffuent 

of y is to the fluent of . -^ . ■ • That 13^ the 

titi^ abfAlute Jbrce o£ tiie ftream is t6»the«ffica- 
ciousforcl^ againft: the ;ftic« of^the pier, as iti 

breadth is to double the fluent of . ^ "■ • 'when 
y is equal to half the breadth. 

Corollary i. 

If the fece ADB be reailineaL 

Putting DC = J, CA = *, and AD = 
U/,«fi-Vbb =:) c'f ^ a^ b :: M : y hy fimilar 
^'^ ■ ** trianglesj 
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triangles j hence x = -j-, and ^=-^i this be* 
ing written for it in the general expreffiou above, 
we l»,ve --2l_ == ^i^ = ^ for die 

V--^^' 

Uttzioa 4>f the force ^m AD ; the fiuint c^ 

^K^hich, QV — ^, is th^ force itfelf. And confe^^ 

quently the^ for^^ oo the fl^t bafc AB "is to 

that on the tri^nguUr end, as y to — ^, or as 

cc to bb, tha( is, ?^s AD* tp AC% 

.■•'.•' ^) 

And.if AG be equ^l to CD, or ADS a r^gh^ 
angle, which is generaHy the cafe, then AD* 
= 2 AC^, and the fQrd<j (»5 the baf(f fQ that'oqp 
the face, as 2 tQ (• 

Moreover, as the force cm ADB, w?ien ADHP 
is a right jingle,, i^ only half of. the abfolytc 
force, io it is evident diat the force will be, 
more than one-half when ADB is greater thaii" 
3 right angle, and leis \^'he^ it is lefs ; and alfa 
that the longer AD is, the lefs the force is, it 
Ijcing always inv^rfely ^ the fquarjp .9/ AiP« 



La ' Corollary 



ftf Tb* Pkikciples of Bribices. 

Corollary 2. 
•It ADB be a fcmiciitk. 
The radius AC = CD = a j then iax-^x» 




hence ^-^^ becomes X = ^^^^^-^ 

c^^yy ^ 
X y, the fluent of which is f^^'^^-^ x y ; and 
tiiierefore the force on the bafe is to the force 
on tjie cu-cular end, as y is to ^^"^ W x y, or 
as aa tp (fa — |;fjr, <»r as ^aa to jaa -*^J^- 

And when jf =? ^ = AC, the proportion be- 
comes that of 3 to 2. 

So that only on^e-third of the abfolute force 
is taken off by making the end ^ femicircle. 

Corollary 3. 

When the face .ADB is a parabola. 

Then, the notation being as before, viz. DC 
ss a, and AC = A, we" have a i bb i-^ st i yy^ 

hence x = ^, and x = ^^^ j which being 

writtc;^ 



MH«arfii*MMrti*tMMilM^^ 



, in Proportion to the 
I, in its PafTage. 



7-8t]i8 



Parts. 



F. h Pts. 
I 4 '728 



64. s 6 '9 



158 



r 



76 



12 6 '53 



22 ^ '6 



4 34 10 -31 



50 2 "112 



Stages 
of 

Accumulation 

in 

Floods 



PUnifonn 
V Tenors. 

? Ordinary 
( Floods. 

? Extraordinary 
r Floods. 



ConftruAion 
of an ancient 
bridge of J or 
more arches. 



Refiftance 

5-i8ths 



RifeofWaur 



F. I. Pts. 

o o '320 



o 1 '28 



O 2 '881 



o 5 •119 



o 8 '003 



o II -525 



t^ 



Piers 140 
Arches 160 



Torrents above 
generally Inunda 
tions. 



Piers 50 
River 180 



{led to rife above its natural level, 
^zffzffil tKerefot'e thefe numbers 

tnie height of the flood. Tftc 

conftruAioH, and in all fiates of a 
dvantage of bridges of a fuffictent 
ridge is nearly in the 6th predica- 
fe the Thames, with a velocity of 
city of 2*5 f. per fecond, to only 



In this mod 
common mode 
feldom fuffici- 
ent in a flood, 
the water foon 
encroaches on 
thearches^and 
changes the 
predicament. 



^ 
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written in the general expreffion, the fluent of 

hb 

it becomes the circular arc whofe radius is ?_ 

and tangent y ; and ^o the abfblute force is to 

the force on the parabolic end, as ^ tec the arc 

bb 
whofe tangent is y and radius — j* that is^ as 

the tangent of an arc is to the arc itfelf, the ra- 
dius being to the tangent as 2 to — . And when 

jr = *, the ratio of the tangent to radius, is that 

* b 

pf 2 Jo — ; pr tl^at of 2 to f lyhen DQ :=: CA. 

In which cafe the whole force is to the forct: 
on the parabolic end, as the tangent is to the 
arc of which the tangent is double the radius ; 
that is, as the tangent of 63* 26^ 4' to the arc 
of the fame, or as 2 to !• 10714} which is a left 
force than on the circle, but greater th^n on the 
triangle. 

And fo on for other curves ; in which it will 
be found that the nearer they approach to right 
lines, the lefs the force will be, and that it h 
leaft of all in the triangle, in which it is one-half 
pf the whole abfolute force when right-angled* . 

Tha annexed folding-out fheet fliews at one 
view the rife, of the water under the arches 
arifing from its obftruftion by the piers, accordr 
ing to feveral rates of velocity, &c. 

SEC- 



\ 



78 fbt "PziVClSlAStf ^WGZJl, 

S E C T I O N V, 

0/ the Terms or Names of the various parte 
peculiar to a Bridge ^ and the Machines i 
&c, itfed ahut it i dijpofed in al/fhahfical 
orderf 

Abutmewt, or Butment^ whic|i fee in 
its place below^ 

A^cHf an opening of a bridge, through or' 
tinder which the water, &c. patfles, ax^ w|uck 
is Aippprted by piers or bjr bjitm^nts, 

Arches are denominated circular, elliptical^ 
cycloidal, catenarian, &c.. according to the figure 
pf the curv^ Qf them. There are alfp other 
denominations of circul;»r arches according to 
the different parts of a circle : So, a femicircular 
arch is half the circle; a fcheme or Ikeen arth 
is a fegment le& than the fen^circle ; and arches 
pf the tliird and fourth point, or gothic arches, 
confift of two circular arcs, excentnc and meet-* 
ing in an angle at top, each being 1-34 or i-^th, 
ice. of th$ lyhdb circle. 

The chief properties of the moft eonfiderabic 
arthes, with regard to the extrados they re* 
^ire, &c. may be learned from the fecond fec<9 
tion* It there 9j^^xb that none, but the ztcH 

of 
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of cqiiilibration in the example to prop. 5, ean 
admit of i horizontal line at top ; diat this arcK 
is not only of a gi-aceful but of a convenient 
form, as it may be made higher or Ib^tv it 
pleafure with the fame opening; that it, but 
no other, with a horizontal top, can be equally 
ftrong in all its parts, and therefore dught td 
be ufed in all works of much confequence. All 
the other a,rches require tops that are curved 
cither upward or downward, fome more and fome 
Icfe : Of thcfe the elliptical arch feems to be the 
fitteft to be fnbftituted inftead of the equilibria! 
one with any tolerable d^ee of propriety ; it 
is in genersd aJfo the beft form for moft bridges^ 
as it can be made of any height to the fame 
ipan, or of any fpan to the fame height," \vhil6 
at thefamt time its hanches^^are fufficiently ele- 
vated above the water, even when it is pretty 
flat at top ; which is a property of which the 
dther curves are not poffeffed in the fame de- 
gree J and thisf property is the more valuable, 
becaufe it is remarked that after an arich is 
built and die centering ftruck, it fettles more 
about the hanches than the other pS^rts, by 
which other curves are reduced near to a ftreight 
line at the hanches. Elliptical arches alfo look 
bolder, are really ftronger, and require lefs ma- 
terials and labour than the others. Of the other 
curves, the cyeloidal arch irncxt in quality to 
ifee elliptical one, for ail the above prbpcrtics;; 
And, laftly, Cbe circle* As to the others, the 

para« 
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parabola, hyperbola, and catenary, they may 
not at all be admitted in bridges of feveral 
arches ; but may m fome cafes be ufed for a 
bridge erf one fingk arch which is to rife very 
high, becaufe then. not much loaded at the 
hanches* We may hence alfo perceive the fal- 
fity of thofe arguments which afTert, that be-» 
caufe the catenarian curve fupports itfelf equally 
in all Its parts, it will therefore beft fupport 
any additional weight laid upon it : for the 
additional building m^de to raife the bridge to; 
a horizontal line, Or nearly fuch, by preffing. 
more in one part thati another^ muft fcwrce thofe^ 
parts dgwn, and the whole muft falL Whereas 
other curves will not fupport themfelves at all^ 
without fon^e additional parts built alK)ve them,^ 
to balance them, or to reduce thek parts to an 
equilibrium. 

Aachivolt, the curve or line formed by 
the upper fides of the vouffoirs or arch fiones. 
It i» parallel to the intrados or underfide of the 
arch when the vouiToirs are all of the fame 
length; otherwife not. 

By the archivolt is alfo fometimcs tuiderftbod 
the whole fet of vouiToirSi' 

Banquet, the raifed foot path at the fideg 
of the bridge next the parapet. This ought ta 
be allowed in alji bridges of any confiderabk 

fizc* 
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£ze : it (hould be raifed about a foot above the 
middle dr faorfe pafiage, made 3, 4, 5, 6, 7, &c. 
feet broad according to the fize of the bridge, 
and paved with large ftones whofe length ia 
equal to the breadth of the walk. 

Battard eau, tiv Coffer-dam^ a cafe of pi*» 
Kng, &c. without a bottom, fixed in the bed of 
the river, water-tight or nearly fo, by which to 
lay the bottom dry for a fpace large enough to 
build the pier on* When it is fixed, its lides 
reaching above the level of the water, the water 
is pumped out pi it, or drawn off by engines^ 
fee. till the fjjace, be dry j and it is kept 
fo by the fame means, if there are leaks which 
cannot be ftoppcd, tiU the pier is buUt up in 
it ; and then the materials of it are drawn up 
again. 

Battardeaux are made in various manners, 
either by a fingle inclofure, or by a double one, 
with clay or chalk rammed in between the two, 
to prevent the water from coming through the 
fides. And thefe inclofures are alfo made either 
with piles only, driven clofe by one another, 
and fometimes notched or dove-tailed into each 
other ; or with piles grooved in the fides, driven 
in it a difliance from one another, and boards 
let down between them in the grooves. 

. M The 
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The method of building in battardcaox can- 
not well be ufed where the river b dther deep 
or rapid. It alfo requires a very good natural 
bottom of foUd earth or clay ; for, although the 
fides be made water-tight, if the bottom or bed 
of the river be of a loofe confiftence, the water 
^ ooze up through it in too great abundance 
to be evacuated by the engines. 

It is ahnoft needlefe to remark that the fides 
muft be made very ftrong, and well propt or 
braced in the infide, to prevent the ambient 
water from preffing the fides in, and forcmg 
its way into the battardeau. 

Bridge, a work of carpentry or mafonry, 
built over a river, canal, &c. for the conve- 
niency of croffing the £amc. 

A ftone bridge is an edifice forming a way 
over a river, &c. fupported by one arch or by 
feveral arches, and thefe again fupported by 
proper piers or butments. 

' A ftatcly bridge over a large river is one of 
the moft noble and ftriking pieces of art. To 
behold huge and bold arches, compofed of an 
immenfe quantity of finall materials, as ftones. 
bricks, &c. fo difpofed and united together Aat 
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they feem to form but one folid compaft body, 
afibrding a fafe paffage for men and carriages 
over large waters, which with their navigation 
pafs free and eafy under them at the fame time, 
is a fight truly furpri2dng and affecting indeed. 

To the abfolutdy neceffaiy parts of a bridge 
already mentioned, viz. the arches, piers, and 
abutments, may be added the paving at top, 
the parapet wall, either with or without a ba- 
luftrade, &c. alfo the banquet oi raifed foot way 
on each fide, leaving a fufficient breadth in the 
middle for horfes and carriages. The breadth 
of a bridge for a great city fhould be fuch as 
to allow an eafy paflage for three carriages and 
two horfemen a-breaft in the middle way, and 
for three foot paffengers in the fame manner on 
each banquet. And for other lefs bridges a lefi 
brea4th« 

As a bridge is made for a way or palTage 
over a river, &c. fb it ought to be made of 
fuch a height as will be quite convenient for 
that paiTage ; but yet fo as to be confiflent with 
the intereft and concerns of the river itfelf , eafily 
admitting through its^ arches the craft that navi- 
gate upon it, and all the water even at high 
tides and floods. The negleft of this precept 
has been the ruin of many bridges, and parti- 
cularly that at Newcaflle, over die river Tyne, 
on the 1 7th of november 1 771. So that in de- 
M 2 termining 
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termining its height, the convesucocies both ctf 
the pafTage over it and under it ihould be con- 
fidered, and the height made to anfwer the beft 
for them both, obferving to make the ccnvemtnt 
give place to the necejfary when their interefts 
are oppofite. 

Bridges are generally placed in a diredioa 
perpendicular to the ftream in a direft line, to 
give free paiiage to the water, &g. But fome 
think they Ihould be made not in a fb^ght line^ 
but convex towards the ftream, the better to 
refift floods, &c. And ibme fucb bridges have 
been made* 

Again, a bridge ihould not be made in too 
narrow a part of a navigable river, or one fub» 
jeft to tides or floods : becaufe the breadth be- 
ing ftill more contrafted by the piers, will in- 
creafe the depth, velocity, and fall of the water 
under the arches, and endajrger the whole bridge 
and navigation. 

The number qf arches of a bridge are gene-" 
rally made odd ; either that the middle of the 
ftream or chief current may flow freely without 
the interruption of a piet ; or that the two halves 
of the bridge, by gradually rifing from the ends 
to the middle, may there meet in the higheft 
and largeft arch ; or elfe, for the fake of grace, 
that by biding op?n ift the middle^ the eye in 

viewing 
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Tiewing it taay look di#e^jr throagh thar^, a^ 
one alwuys eipe^ to do in looking al it, and 
without which opening one generally feels ^ 
diiappointment in viewing it. , 

If the bridge be equally high throughout, the 
arches, being all of a height^ are made all of 
a fize ; which caufcs a great faving of centering. 
If the bridge be higher in the middle thaii at the 
ends, let the arches decreafe from the middle to« 
wards each end, but fo a» that each half hare 
the arches cxaftly alike, and that they decreafe 
in fpan, proportionally to their height, fo as to 
be always! the lame kind of jSgure, and-fimilar 
parts of that figure : thus, if one be a fetnicirclc, 
let the reft be femicirclcs alfo, but proportionally 
Icfe ; if one be a fegment of a circle, let die 
reft be fimilar fegments of other circles ; and fo 
fcr other figures* The arches bekig equal at 
equal diftances on both fides of the middle, is 
aot only for the ftrength and beauty of the 
bridge, but that the centering of the one half 
may ferve for the other alfa But if Ihe bridge 
be higher at the ends than in the middle, the 
arches ought to increafe in fpan and pitch from 
the middle towards the ends. 

When the middle and ends are of different 
heights, their difference however ought not t6 
b^ great in proportion to the length, that th6 
afceiit may be cafy j and ihea alio it is more 

beautiful 
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beautiful to make the top one continued curve 
than two inclined ftrdght lines from the ends 
towards the middle* 

Bridges fliould rather be of few and large 
arches than of many and finall ones, if the 
height and fituation will poffibly allow of it; 
for this will leave more free jmffage for the 
water and navigation, and be a great faving in 
materials and labour, as there will be fewer 
piers and centers, and the arches thcmfdves 
will require leis materials. ^ 

For •the fabric of a bridge, and the proper 
eftimation of the expence, &c. there are gene- 
rally neceflary three plans, three felons, and 
an elevation. The three plans are fo many 
horizontal feftions, viz. the firft a plan of the 
foundation under the piers, with the particular 
drcumftances attending it, whether of gratings, 
planks, piles, &c. the fecond is the plan of the 
piers and arches, &c. and the third is the plan 
of the fuperftrufture, with the paved road and 
banquet. The three fedions are vertical ones j 
thefirft of them a longitudinal feftion from end 
to end and through the middle of the breadth ; 
the fecond a tranfverfe one, or acrofs it, and 
through the fummit of an arch; and the third 
alfo acrofs, and taken upon a pier. The eleva- 
tion is. an orthogiaphic.projeftion of one fide or 
face of the bridge, or its appearance as viewed 

at 
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ajt an infinite difiance, aiid fhews the exterior 
aiped of the materials, and the manner in which 
they are worked and decorated. 

Other obfervations are to be feen in the firft 
ie^on. 

BuTMENTs, or abutments y the extremities 
of a bridge, by which it joins to or abuts upon 
the land or fides of the river, &c. Thefe muft 
be made very fecure, quite immovable, and 
more than barely fuificient to refift the drift of 
its adjacent arch. So that if there are not rocks 
or very folid banks to raife them againft, they 
muft be well Ttinforctd with proper walls or 
returns, &c. The thicknefs of them that will 
be barely fufficient to refift the flioot of the 
arch, may be calculated as that of a pier by 
prop, 10. 

When the foundation of a butment Is raifed 
againft a Hoping bank of rock, gravel, or good 
folid earth, it will produce a faving of materials 
and labour, to carry the work on by returns at 
different heights, like fteps of ftairs. 

Caisson, a kind . of chejl^ or flat-bottomed 
boat, in which a pier is built, then funk to the 
bed of the river, and the fides loofened and 
taken off from the bottom, by a contrivance 
for that purpofe ; the bottom of it being left 

under 
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under the per a$ z fonndatioa. It is evident 
dierefore diat the bottoms ot cai^ons nuift be 
made very flhnoog and fit for the foundations 
of the piers. The caiflbn is kept a-float till the 
pier be built to zhoat the height of low-^water 
mark ; and for that purpofe its fides muft eitjier 
be made of more than that height at firft, or 
die gradually raiied to it as it links by the 
weight of the work, fb as always to keep its 
top above water. And therefore the fides muft 
be made very ifanong, and kept afunder by crofs 
timbers within, left the great preffurc of the 
ambient water crulh the fides in, and fo not 
only endanger the woik, but alfo drown the 
men who work within it. The caiflbn is made 
of the ihape of the pier, but fome feet wider 
on every fide to make room for the. men tor 
work : .the whole of the fides are of two pieces, 
both joined to the bottom quite around, and 
to each other at the falient. angle, fp as to be 
difengaged from the bottom and from each 
other when the pier is raifed to the defired 
height, and funk. It is alfo convenient to have 
a Uttle fluice made in the bottom, occafionally 
to open and fliut, to fink the caiflbn and pier 
fpmetimes by, before it be finilhed, to try if it 
bottom level and rightly j for by opening the 
fluice, the water will rufli in and fill it^ to the 
height of the exterior water, and the weight 
of the work already built will fink it ; then by 
flxutting the fluice again, and pumping out the' 

water. 
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ymtdty it will be hiide to few* again, and the 
reft of the work may be completed : but it 
mufk not be funk but when the fides are high 
enough to reach above the furface of the water, 
otherwife it cannot be raifed and laid dry again. 
IMr. JLabelye telb us that the caiflbns in which 
lie built fome o£ the. piers of Weftminfter bridge, 
contained above 150 load of fir timber of 40 
^ubo: ieet eaich, and was of more tonnage or 
capacity th^n a 40 gun fliip of war. 

Centers, are the timber frames eredcd irt 
the fpaces of the arches to turn them on, by 
building 6n thtem the vouffoirs of the arch. Ai 
ihe center ferves as a foundation for the arcH 
to be built on^ when the arch is completed, 
that foundation is ftruck from under it, to make 
way for the water and navigation, and then 
the arch will ftand of itfelf from its curved fi- 
gm'e. A center muft therefore be conftruded 
of the exaft figure of the intended arch, convex 
as the arch is concave; to receive it on as a 
ihould. If the form.be circular, the curve is' 
ftruck from a central point by a radius : if it 
be elliptical, it ought to be ilruck with a dou-i 
bled cord, paffing over two pins or nails fixed? 
in the focuflfes, as the mathetnaticians defcribe 
their elKpfes ; and not by iiriking diflferent pieces 
or arcs of circles from feveral centers ; for thefe 
will form no ellipfe at all, but an irregular mif^ 
fliapen curve made up of broken pieCes of dif- 
^'* N ferent 
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ferent circular arcs : but if the arch be of any 
other form, the feveral abibiflas and ordinates 
ought to be calculated, then their correfponding 
lengths, transferred to the centering, will ^ve 
fo many points of the curve, and exaftly by 
which points bending a bow of pliable matter, 
the curve may be drawn by it. 

The centers are conftrufted of beams, &c- of 
timber firmly pinned and bound together, into 
one entire compaft frame, covered fmooth at 
top with planks or boards to pllce the youiToirs 
on, the whole fupported by offsets in the fides 
of the piers, and by piles driven into the bed 
of the river, and capable of being raifed and 
depreffed by wedges, contrived Cor that purpofe, 
and for taking them down when the arch is 
completed. They ought alfo to be conftrufted 
of a ftrength more than iufficient to bear the 
weight of the arch. 

In taking the center down ; firft let it down 
a little, all in a piece, by eafing fome of the 
wedges ; there let it reft a few hours or days 
to try if the arch make any efforts to fall, or 
any joints open, or ftones crulh or crack, &c. 
that the damage may be repaired before the 
center is entudy removed, which is not to be 
done till the arch ceafes to naake any vifible 
efforts. 
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In ibme bridgels die ceatering makes a very 
confiderabk part of the expence, and therefore 
all means of faving in this article ought to be 
clofely attended to ; fuch as making few arches, 
and as nearly aUke or fimilar as poflible, that 
the centering of one arch may fcrve.for others, 
md at leaft that the fame center may be ufed 
for both of each pair of equal arches dn both 
fides of the middle. 

Chest, the fame as Caiffifn. 

Cofferdam, the fame as Battardeau. 

DniFTi Shoots or Tbmjl of an arch, is the 
pufli or force which it exerts in the direction 
of the length of the bridge. This force arifes 
£rom.>the perpendicular gravitation of the ftones 
of t|ie arch, which, being kept from defcending 
by' the form of the arch and the refiftance of 
the pier, exert their force in a lateral or hori- 
zontal direftion. This force is computed in 
prop. 10, where the thicknefs of the pier is de- 
termined that is neceflary to refift it ; and is 
greater the lower <the arch is, cateris faribus* 

Elevation, the orthographic projection of 
the front of a bridge on the vertical plane pa- 
rallel to its length. This is neceflary to fliew 
the form and dimenfions of the arches and other' 
N 2 parts 



parts as to' height and breadth, and therefore 
ioM a plain fcale annexed tb it to meafut^ the 
parts by. It alfo IbewB "At manner <if worlsang 
up and decorating the fronts of the Inidge. 

ExTRADos, the exterior curvature or lan« 
of an arch. In; the proportions cf the -feconii 
fcdion it is the outer or uppfer line of the waU 
above the arch; but it often means only the 
upper or exterior curve of the voufibirs. 

Foundations, the bottoms 6f the piers, 
&c. or the bafes on which they are built. Thefe 
bottoms arc always to be made with projeftions, 
greater or lefs according to the fpaces on which 
they are builtw And according to the nature 
of the ground, depth and velocity of water, &c. 
the foundations are laid and the piers built Aftar* 
diiFerent manners, cither in caiiflbns, in battar- 
deaux, on ftilts udth fterlings, &C. for the par- 
ticular methods of doing which, fee ^ch under, 
its refpcdivc ttrm. 

Th^ moft obvious and fimple method of.ky- 
ing the foundations and raifing the piers up to 
water-mark, is to turn the river out of its courfe 
above the place of the bridge, into a new 
channel Cut for it near the place where it makes 
an elbow cr turn ; then the piers are built on 
dry ground, and the water turned into its old 
cpurfe again, the new one being fecurely banked 

up. 
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Up. TluS is certainly the beft method, whea 
the new channel can be eaiily and convementl]^ 
made ; but which however is feldom or never 
the cafe* - "^ ■ - • "^; ^' ; ' - • 

Another method hi to lay only the j^acc of 
each pier dry till it be built, by furrounding it 
wth piles and planks 'driven down into the bed 
of the river-, fo clofe together as to exclude 
the water from coming in ; then the water is 
pumped out Wf the indofed fpace, the per built 
ixL it, and lafily thepifes and plaAks drawn up. 
This is coffer-dam work, but evidently cannot 
be pra^lifed if the bottom be of a loofe con^' 
fifience admitting^ thie^ water to ooze and i^ring 
up through it. 

When iidther the >hrholfe nor part of the river 
esm be eafily laid dry as above, other methods, 
are to be ufcd ; fuch as to build idther in caif- 
ibns c^ on fiilts, both which methods are de» 
fcribed under their proper words j or yet by 
anotiber method, which hath, though feldom, 
been fbmetimes ufed, without laying the bottom 
dry, and which is thus : the pier is built upon 
ftroing rafts or gratings of timber well bound 
toge&er, and buoyed up on the furface of the 
water by ftrong cables, fixed to other flotes or 
machines, till the pier is built y the whole i» 
tJicn gently let down to the bottom, which 
muft be miade levd for the purpofc. But of 

thefe 
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thefc methods^ that of building in caiflbns is 
the beft- 

But before the pier can be built in any man* 
ner, the ground at the bottom muft be well 
fecuredj and made quite good and fafe if it be 
not fo naturally. The fpace muft be bored into 

^ to try the confiftence of the ground ; and if a 

good bottom of ftonc, or firm gravel, clay, &c. 
be met with within a moderate depth below 
the bed of the river, the loofe land, &c. muft 
be removed and digged out to it, and the foun- 
dation laid on the firm bottom on a ftrong gra- 
ting or bafc of timber made much broader every 
way than the pier, that there may be the greater 
bafe to pixfs on, to prevent its being funk* But 
if a folid bottom cannot be found at a conve- 
nient depth to dig to, the fpace muft. then, be 
driven full of ftrong piles, whofe tops muft be 
fa wed oft' level fome feet below the bed of the 

I water, the fand having been previoufly digged 

out for that purpofe ; and then tlie fpundaition 

• on a grating of timber laid on their to]^ as 

I' before. Or, when the bottom is not good, if J^ 

it ht: made level,, and a ftrong grating of timfsi 
ber, two, three, or four times as large as tjjjle 
bafe of the pier be made, it will form a good / 
bafe to build on^ its great fize preventing it from 
Cnldng- In driving the piles, begin at the mid- 
dle, and proceed outwards all the way to the 
borders or margin : the reafon of which is, that 

if 
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if the outer ones were driven firft, the earth of 
the inner fpace would be thereby fo jammed 
together, as not to allow the inner piles to be 
driven. And befides the piles immediately under 
the piers, it is alfo very prudent to drive in a 
fingle, double, or triple row of them around and 
clofe to the frame of the foundation, cutting 
them off a little above it, to fecure it from 
flipping afide out of its place, and to bind die 
ground under the pier the firmer. For, as the 
fafety of the whole bridge depends on the foun- 
dation, too much care cannot be ufed to have 
the bottom made quite fecure. 

Jsttee; the border made around the ftSts 
tinder a pier^ being the fame with Sterling. 

Impost, is the part of the pier on which 
the feet of the arches ftand, or from which they 
fpring« 

K E Y s T OK E, the middle vouffoir, or the arch 
, ftone in the top or immediately over the center 

I of the arch. The length of the keyftone, or 

thicknefs of the archivolt at top, is allowed to 
be about 1-1 5th ot i-i6th of the fpan, by the 
j beft architedbs. 

i 

\ Orthography, the elevation of a bridge, 

\ or front view as feen at an infinite diftance. 

1 

PARAPET, 
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Parapet, the bresJl waU,;nade on the top 
of a bridge to prevent paffeiigers from falling 
over. In good bridges, to buUd the parapet but 
a. little part of its height clpfe or folid, and upon 
that a baluflrade tp above a nuA's height^ has 
an elegant effed. 

Piers, the walls built for the fupport of 
the arches, and from whi^h they fpiing as their 
bafes. 

They ought tp be built of large blocks of 
fione, folid throughout, and cramped together 
with iron, which will make the whole as one 
folid ftone. Their faces or ends, from the bafe 
up to high-water mark, ought to projeft iharp 
out with a falient angle, to divide the ftream* 
Or, perhaps, the bottom of the per fiiould be 
built flat or fquare up to about half the height 
of low-water mark, to allow a lodgment againll 
it for the fand and mud, to cover the founda- 
tion ; left, by being left bare, the water ihould 
in time undermine and fo ruin or injure iL 
The beft form of the projection for dividing the 
fbream, is the triangle; and the longer it is, cm:' 
the more acute the falient angle, the better it 
will divide it, and the lefs will the force of the 
water be againft the pier ; but it may be fuffi- 
cient to make that angle a right one, as it wifr 
make the work ftronger, and in that cafe the 
. . per- 
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perpendicular projection will be equal to half the 
breadth or thicknefs of the pier. In rivers on 
which large heavy craft navigate and pafs the 
arches, it may perhaps be better to make the 
ends femicircular ; for although it does not di* 
vide the water fo well as the triangle, it will both 
better turn off and bear the ihock of the craft. 

The thicknefs of the piers ought to be fuch as 
will make them of weight or flrength fufficient 
to fupport their inteijacent arch independent of 
any other arches. And tlien if the middle of the 
pier be run up to its full height, the centering 
may be firuck to be ufed in another arch before 
the hanches are filled up. The whole theory of 
the piers may be feen in the third fedion. 

They ought to be made with a broad bottom 
on the foundation, and gradually diminiihed in 
thicknels by o&ets up to low-water mark* 

The methods of laying their foundations, and 
building them up to the fiufacc of the water, 
are given under the word foundation. 

Piles, are timbers driven into the bed of 
the river for various purpofes, and are cither 
round, fquare, or flat like planks. They may 
be of any wood which will not rot under water, 
but oak and fir are moftly ufed, cfpecially the 
latter, on account of its length, flreightnefs, and 

O cheap* 
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cheapnefs. They are fliod vdth a pointed irdtl 
at the bottom^ the better to penetrate into the 
ground ; and are bound with a ftrong iron band 
or ring at top, to prevent them from being fi^t 
by the violent ilrokes of the ram by which they 
are driven down. 

Piles are either ufed to build the foundations 
on, or are driven about the pier as a border of 
defence, or to fupport the centers on ; and in 
this cafe, when the centering is removed, they 
mufl either be drawn up or (awed off very low 
under water ; but it is perhaps better to faw 
them off and leave tliem fHcking in the bot- 
tom^ left the drawing of them out (hould loofen 
the ground about the foundation of the pier. 
Thofe to build on, are either fuch as are cut off 
by the bottom of the water, or rather a few feet 
within the bed of the river ; or elfe fuch ^ are 
cut off at low-water mark, and then they are 
called ftilts: Thofe to form borders of defence, 
are rows driven in clofe by the frame of a 
foundation, to keep it firm ; or elfe they are 
to form a cafe or jettee about ftilts, to keep 
within it the ftones that arc thrown in to fill 
it up ; in this cafe, the piles are grooved, driven 
at a litde diftance from each other, and plank 
piles let into the grooves between them, and 
driven down alfo, till the whole fpace is fur- 
rounded. Befides ufing this for ftilts, it is alfo 
fometimes neceflary to fuitound a ftone pier 

^ ' ^ with 
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with a fterling or jettec, and fill it up with 
fiones to fecure an injured pier from bebg fiiU 
more damaged, and the whole bridge minedi 
The pies to fupport the centers may alio ferve 
as a border c^ piling to iecure the foundation, 
cutting them off low enough jiftp* the center 
is removed. 

File D&iver, an eng^ for drivipg down 
the pies. It confifts of a large ram of ixod 
Hiding perpendicularly down between two guide 
pofts ; which being lift up to the top of them, 
and there let fall from a great height, comes 
down upon the top of the pile with a violent 
blow. It is worked either wkh men or horfes, 
and dther irith or without whed woik. Tha^ 
which was ufed at the building of TTIreftminfter 
bridge, is perhaps (he beft ever invented. 

Pitch, of an arch, the perpendiciilar hrigbi 
frpm the ^ring or impoft to ihe keyfione. 

PlAk, of aiiy part, as of the foundations, 
or piers, or fuperfimdure, is the orthographic 
projedioai qf it (m a plane parallel to the ho« 
rizon* 

Push, of an arch, the iam« as drift, flioot, 
O J} Sai-ibnt 
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Salient Angle, of a pier, the prcjcftion 
of the end againft the ftream, to divide it. The 
right-lined angle beft divides the ftream, and 
the more acute the better for that purpofe ; but 
tae right angle is generally ufed as making the 
beft mafonry. A femicircular end, though it 
does not divide the ftream fo well, is fometimes 
better in large navigaUe rivers, as it carries 
t!^e craft the better ofi^ or bears their ftiocks 
the better. 

Shoot, of an arch, the fame as drift. 

Springers, are the firft or lowcft ftones 
qf an arch, being thofe at it^ fe;et bearing im** 
mediately on the iippoft. 

Sterlings, orjcttecs, a kind of ca& made 
:^ut a pier'Qf ftilts, ^c.'toftcurc it, and is 
particularly defcribed under the aext word Stilts^ 

Stilt s, a fet of pies driven iiitp die ipacc 
intended for th^ [ner, whofe tops being iawed 
kvel ptf about low-water m^rk,. the pier is then 
raifed on them. This method was fonperly 
ufed when the bottom of the river could not 
bp laid dry; j^nd thefe ftilts yirerf f^rroundcd, 
at a few feet diftance, by a row oJF piles ap4 
planks, &c. clofe to them like a coffer-dam, and 
^fid a fterling or jettec} after which loofc 
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fiones, &C. are thrown or poured down into 
the /pace till it be filled up to tint top, bj 
that means forming, a kind of |»cr of rub- 
ble or loofe work, and which is kept together 
by the fides or fierlings : this is then pavJsd 
level at the top, and the arches turned upon 
it. This method was formerly much ufed, moft 
of the large old bridges in En^nd being e- 
reded that way, fuch as London bridge. New- 
caftle bridge, Roche&er bridge, &c. But the 
inconveniencies attending it are fo great, tfiat 
it is now quite exploded -and difiifed,: fior, be- 
caufis of the loofe compofition of the [Mrs, they 
mufi: be made very large or broad, or elfe the 
arch would pufh them over and rufh down as 
foon as the center was drawn ; which great 
breadth of pers and fierlings fo much contracts 
the paflage of the water, as not only very much 
incommodes thct nivigatii^ through the arch, 
firom the fall and quick motion of the water, 
but from the £|me caufe alfo the bridge itfelf 
lis in much danger, efpecially in time of floods, 
when the water is too much for the paflage. 
Add to this ^at befides the danger there is' 
pf the pier burfting out the fierlings, they arc 
alfo fubjed to much decay and damage by the 
velocity of the water and the craft paifing 
^hrough the arches. 

Th&ust, the fame as drift, &c. 

Vous- 
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VoyssoiRC, the ftoncs which immediately 
form the archy thdr uader fides conftituting 
the intrados. The middle one, or keyfto&e, 
oaght to be about i-i5th pr i-i6th of the fpan» 
as has been obfervedj and the reft Ihould in« 
creafe in fize all the w^y down to the impoft; 
the ix^Ofrc they increafe the better, as they will 
the better bear the great weight which refts 
upon them without being ^ rufhed, and alfQ will 
bind the firmer together. Their joints ihould 
alfo be. qat perpendicular to the curve of th^ 
utndQSf 
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